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MAQAM LIBRARIES i 
application of mechanically fastened FRP ( MF-FRP) to RC elements has shown 
promising results in terms of installation efficiency, level of strengthening achieved, 
and more importantly, preventing FRP delamination prior of concrete crushing. As 
such a high potential exists for achieving a successful and efficient strengthening 
scheme when utilizing the MF-FRP laminates to strengthen steel beams. A unique 
study on the application of MF-FRP to steel beams was conducted by Alhadid (2011). 
The study revealed that MF -FRP leads to ductile response of the strengthened system 
provided that adequate number and strength of anchoring fasteners are used. 
Insufficient FRP length-to-span ratio or insufficient number of steel fasteners will 
result in unfavorable brittle mode of failure by shear rupture of the fasteners or tensile 
rupture in the FRP laminate. 
The driving force behind the current research study stems from the need to 
gain a better understanding of the mechanical behavior of steel beams strengthened 
with MF-FRP laminates. The research is conducted numerically and analytically. 
Three-dimensional (3D) finite element (FE) analysis using the general purpose 
software package ANSYS is conducted in the numerical phase of the study. The 3D 
F E  model developed in this study accounts for the effect of both material and 
geometrical nonlinearities in addition to the interfacial slip between the FRP 
laminates and the steel beam. The FE model is validated against the experimental 
results reported by Alhadid (2011), and excellent agreement is found. The validated 
FE model is then used to study the behavior of the composite steel-FRP beam 
parameters including the force distribution in anchoring steel fasteners, the stress 
distribution and spread of yielding in the steel section and the corresponding stress 
distribution in the FRP laminates. Furthermore, the F E  model is utilized to investigate 
11 
ABSTRACT 
Retrofitting and trengtbening of teel tru [Ure ha\ e gained 'igOlfi -ant 
importance due to the bigbl increasing number of deteriorated teel tru ture: 10 
many place around the globe. The conventional meth d. of retrofitting r 
trengthening of teel tructures by replacing teel members or atta hing addin nal 
external teel plate are u ually time-con uming, corrodible, and a umb r orne task. 
Many of the drawbacks of the conventional retrofitting ystem an b verc m 
through the u e of Fiber Reinforced Polymers (FRP) due to their high trength-t­
weight ratio. Furthermore, FRP material are corro ion re i tant, " hlch makes them 
more durable especially when environmental deterioration i a concern. In re enl 
years, the application of FRP in the trengthening of exi ting structure ha 10 rea ed 
considerably. A ignificant amount of re earch tudie ha been conducted t e. plore 
the effectiveness of implementing externally bonded FRP to trengthen reinforced 
concrete (RC) structure . Following the ucce ful introduction of FRP in the 
trengthening of RC beam and column , re earcher started to explore the concept f 
using the FRP material in the trengthening of steel elements. Although thi idea wa, 
initially rejected by many re earcher becau e of the ignificantly low ela tic modulu' 
of the FRP relative to teel, the idea tarted to float to the urface again when high­
modulu FRP were succe sfully produced. The elastic modulu of such FRP 
approache and even, in some ca es, exceed the ela tic modulus of teel. Similar to 
the ca e of RC, researcher initially focu ed on the application of externally bonded 
FRP (EB-FRP) for flexural strengthening of steel beams. The research outcome' 
revealed that teel beams trengthened with EB-FRP trips exhibit unfavorable brittle 
failure mechanism due to debonding of the FRP. More recently, re earch work on the 
Increasing the thickness of the FRP laminate significantly improves the load­
carrying capacity of composite steel-FRP beams. Provided that a sufficient number of 
fasteners is provided to avoid shear failure at the interface, increasing the number of 
steel fasteners, or reducing the pitch distance does not increase the load-carrying 
capacity significantly. However, it will ensure a ductile failure mode of the composite 
steel-FRP beams. 
The analytical solution used in the current study provides a convenient, but 
accurate, tool that can be used to calculate the deflection of the composite beam while 
taking interfacial slip into consideration. The solution can also be used to estimate the 
load that initiates yielding in the steel component of the composite beam and finding 
the distribution of the shear forces induced in the steel fasteners. 
Keywords: steel beams, strengthening, rehabilitation, fiber reinforced polymer, 
flexural behavior, numerical analysis, finite element method, analytical solution, 
composite, partially composite, load-slip 
IV 
the effect of different parameters on the mechanical beha ior of the trengthened 
beams namely; the steel section height· length. thickness and tiffne of FRP 
laminates' and distribution and configuration of the steel fasteners. For th anal. i al 
analysis, a c1osed-fonn analytical model is deri ed to predict the elasti beha\ i r of 
the steel-FRP composite beams taking into consideration the slip at the steel-FRP 
interface. The analytical model is then utilized to e aluate the defle tion. th first 
yielding load of the steel-FRP system and the distribution of shear force indu ed in 
the steel fasteners. 
The current study concludes that the contribution of the FRP in reducing mid­
span deflection and load-carrying capacity in the elastic stage (i.e., when all mat rial 
are still elastic) increases if the elastic modulus of FRP is close to- or higher than that 
of the steel section. As the length of the FRP increases, the index of elastic composite 
action increases indicating higher efficiency of the FRP laminate, especially at low 
fastener stiffness. After yielding in the extreme fibers of the bottom steel flange, the 
FRP laminate contributes significantly in carrying the mid-span loads because the 
FRP laminate remains elastic and contributes significantly in carrying the tensile 
stresses. 
The study also shows that the steel beam with deeper cross-section and 
3trengthened with MF-FRP at the bottom flange exhibits higher improvement in its 
flexural capacity relative to the beam with shallow section with almost the same 
stiffness. This is because the shear forces carried by the steel fasteners cause a 
bending moment in the steel beam that is proportional to the section height, and 
counteracts the bending moment due to the applied mid-span load. 
III 
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Figu re 1 . 1 : Sketch of a Typical Mechanically Fastened Steel-FRP Beam Tested 
Experimentally by Alhadid (2011) 
During the last two decades, many researchers have studied the behavior of steel 
beams strengthened with FRP strips. However, the research focused on steel beams with 
externally bonded FRP strips (EB-FRP). The research outcomes revealed that steel beams 
strengthened with externally bonded FRP strips exhibit unfavorable brittle failure 
mechanism due to debonding of the FRP strips. Recently, Alhadid (2011) studied 
experimentally the flexural behavior of steel beams strengthened with mechanically 
fastened FRP (MF-FRP) laminates (Fig. 1.1). The study revealed that MF-FRP leads to 
ductile response of the strengthened system provided that adequate number and strength 
of anchoring fasteners are used. The driving force behind the current research study stems 
from the need to gain better understanding of the mechanical behavior of steel beams 
strengthened with MF-FRP laminates. Finite element analysis and closed-form analytical 
solution are employed in the current investigation. 
In this introductory chapter, the problem statement is presented first, followed by 




Retrofitting and strengthening of steel structures ha e gained significant 
importance due to the highly increasing number of deteriorated steel tructure in many 
places around the globe. For example, about 143,889 highway bridges have been 
classified as structural deficient or functionally obsolete within highway bridge network 
in the USA as of December 2011. This represents about 24% of the total inventory of 
highway bridges. About 48% of these bridges have steel as the main carrying structural 
element (FHW A, Bridge Programs, National Bridge Inventory NBI 2012). Therefore, an 
efficient, practical and cost-effective rehabilitation technique is needed to assist in 
mitigating such deficiency. 
The conventional methods of retrofitting or strengthening existing steel structures 
by replacing steel members or attaching extemal steel plates are usually time-consuming. 
In addition, this method requires lifting heavy steel items that are corrodible and difficult 
to fix. Many of the drawbacks of the conventional retrofitting systems can be overcome 
through the use of Fiber Reinforced Polymers (FRP) due to their high strength-to-weight 
ratio. Furthermore, FRP materials are corrosion resistant, which makes them more 
durable especially when environmental deterioration is a concern. 
behavior of the steel-FRP system was shown provided that adequate anchorage IS 
implemented. 
The promising results obtained by Alhadid (20 1 1), suggests more investigation 
about the efficiency of MF-FRP strengthening technique. As a contribution to fulfill this 
need, a three-dimensional (3D) nonlinear finite element simulation is employed to gain 
more in-depth understanding of the behavior of the steel-FRP assembly. An analytical 
model is also derived to investigate the elastic flexural behavior of steel beams 
strengthened with MF-FRP laminates. 
1 .2 Objectives a n d  Scope of the Study 
The main obj ective of this research is to examine the mechanical behavior of steel 
beams strengthened with MF-FRP laminates. A three dimensional (3D) nonlinear [mite 
element model is developed and used to carry out this study. The developed [mite 
element model is first validated against the available experimental results reported by 
Alhadid (20 1 1). Then, the validated finite element model is employed to perform a 
numerical investigation consisting of two phases. The first phase investigates the 
mechanical behavior of the composite steel-FRP beams in the context of the experimental 
study conducted earlier by A lhadid (20 1 1). This phase studies different issues including 
the interfacial shear force distribution in anchoring steel fasteners, the stress distribution 
and spread of yielding in the steel section, and the stress distribution in the FRP 
laminates. Additionally, the second phase investigates the effect of various strengthening 
parameters on the mechanical behavior of the steel-FRP composite beams such as the 
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solution methodology. Finall the structure of the thesis is de ribed foHO\, ed by th 
contribution of this stud to the area of rehabilitation of steel structure . 
1 . 1  Problem Statement 
Recently, following the success ful use of  FRP in strengthening reinforced 
concrete structures, researchers started to investigate the effectiveness of this material in 
strengthening steel structures. Although this approach was initially rejected by many 
researchers due to the low stiffness of FRP materials compared to steel, it wa revived 
when high-modulus Fiber Reinforced Polymers (FRP) were successfully produced and 
became available commercially. The elastic modulus of such FRPs approaches and even, 
in sometimes, exceeds the elastic modulus of structural steel. Relevant research was 
directed to strengthening steel beams using externally bonded fiber reinforced polymer 
(EB-FRP). The research conducted in this area revealed a significant improvement in the 
load-carrying capacity of the strengthened steel beams. However, it was also indicated by 
many researchers that the steel beams strengthened with EB-FRP exhibited premature 
brittle failure mode due to the debonding of the FRP strips. The promising results of 
using Mechanically Fastened FRP (MF-FRP) strips in enhancing the flexural capacity of 
reinforced concrete beams with maintaining the ductile behavior of those beams have 
established a potential interest in achieving a successful and efficient strengthening 
scheme when utilizing the MF-FRP laminates to strengthen steel beams. Alhadid (2011) 
studied experimentally the effectiveness of strengthening steel beams with MF -FRP.  A 
significant improvement in the flexural capacity was revealed. Additionally, a ductile 
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the main design parameters on the stiffness and load-carrying capacity of steel-FRP 
composite beams. 
Meanwhi le, the analytical approach is util ized to calculate the elastic deflection of 
simply supported steel-FRP composite beams loaded by a mid-span point load. The 
derived analytical model takes into consideration the partial composite action associated 
with the relative steel-FRP interfacial s l ip .  The model is used to predict the ftrst yielding 
load at the compression flange of the simply supported steel -FRP composite beam. The 
obtained analytical resu lts are also val idated by comparison with relevant [mite element 
pred ictions. 
1 .4 Organ ization of the Thesis 
The current research thesis consists of six chapters . In  this section, a brief 
description of the contents of each chapter is presented . 
I n  Chapter 1, the problem statement is d iscussed, followed by presentation of the 
objectives of the research, scope of the numerical and analytical studies and the 
methodologies adopted in executing the research.  F inal ly the organization of the report 
chapters is presented. 
Chapter 2 provides an overview of the l iterature review of previously publ ished 
research work in the area of strengthening of reinforced concrete and steel beams .  The 
chapter d iscusses experimental, analytical and numerical research related to strengthen ing  
of  both reinforced concrete and steel beams using EB-FRP and MF-FRP schemes. 
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steel section dimensions length and thickness of the FRP laminates. and onne tion 
configuration. 
Furthermore, a closed-form anaJytical model is aJso de eloped to predi t the 
elastic behavior of the steel-FRP composite beams taking into con ideration the lip at 
the steel-FRP interface. The analytical phase of the study utilizes the partial a tion 
analytical model developed by Girhammar and Gopu (1993). The results obtained from 
the analytical study are validated against corresponding [mite element prediction . Then, 
the analytical model is utilized to evaluate the deflection, and the load that initiate 
yielding in the compression flange of the steel beams steel-FRP. 
1 .3 Methodology and Approach 
The current study includes implementation of numerical and analytical modeling 
approaches. The numerical approach involves the use of th general purpose finite 
element software (ANSYS, release 13) to build a detailed 3D nonlinear displacement­
controlled finite element model for simply supported I -shaped steel beams strengthened 
with MF-FRP laminates. The finite element model takes into account both the material 
and geometrical nonlinearities, and accounts for the relative slip at the steel-FRP 
interface. The load-deflection results of the simulated beams are validated with their 
experimental counterparts. The validated [mite element model is utilized for in-depth 
investigation of the distribution of stresses and forces in the different components of the 
steel-FRP composite system. A parametric study is conducted to investigate the effect of 
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Final ly, Chapter 6 presents conclusions regard ing the outcomes of the numerical 
and analytical research work. In add it ion, recommendations regarding future research are 
provided. 
1 .5 Study Contribution 
The outcomes of the current study contribute to the field of rehabi l itation of steel 
structures by enriching the knowledge and understanding of the mechanical behavior of 
steel beams strengthened with mechanical ly fastened FRP laminates. The parametric 
analyses that address a wide range of parameters is expected to help designers in 
producing safe and economic strengthening schemes. The analytical model is a lso useful 
for simple and accurate control of the system deflection and the calcu lation of the load 
that initiates yield ing in the steel section . The recommendations of the study are expected 
to help in developing design prov isions for mechanical ly fastened strengthening systems 
for steel beams. 
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Chapter 3 focuses on the development of the finite element model and i 
erification. The chapter pro ides a brief background about the finite element modeling 
technique. Detai led description of the 3D [mite element model i al 0 pre nted. 
Verification of the accuracy of the developed [mite e lement model b) compari on \' ith 
relevant experimental resu lts is presented at the end of the chapter. 
Chapter 4 discusses the detailed numerical investigation of the mechanical 
behavior of the strengthened steel beams. A brief des ription of previous experimental 
research in strengthening steel beams with M F-FRP is presented. A parametric study of 
the mechanical behavior of the steel-FRP composite beams is provided along with 
detailed presentation and discussion of the correspond ing distribution of forces and 
stresses. The effect of various design parameters on the load capacity and stiffness of 
steel-FRP composite beams is also presented and d iscussed. 
Chapter 5 reports on the analytical solution of the differential equations governing 
the flexural behavior of the elastic steel-FRP composite beams. The chapter starts with a 
brief background about the partial interaction theory of composite beams. The solution of 
the d ifferential equations governing the behavior of steel beams strengthened with M F­
F RP laminates partially covering the bottom flange of the beam is presented. The 
analytical model is then used to calculate the deflection and the load at which first 
yielding of the steel section occurs. The analytical model is also used to find the 
distribution of the shear forces developed in the steel fasteners. The chapter concludes 
with a comparison between the analytical results and the correspond ing fin ite element 
predictions. 
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beams is out l ined . Final ly research investigations on strengthening of steel beams with 
FRP laminates are d iscussed. 
2.2 Externa l ly Bonded FRP for Strengthening of RC Beams 
External ly bonded FRP system has been used to strengthen concrete structures in 
many places around the world since mid- 1 980s. The first structural engineering 
appl ication of the external ly bonded FRP system for flexural strengthening of reinforced 
concrete bridges was carried out in Switzerland in 1 987 [CRC (2002)] .  S ince 1 982, 
carbon fiber reinforced epoxy resin composites have been employed at the Sw iss Federal 
Laboratories for Materials Testing and Research (EMP A) for the post-strengthening of 
RC beams where seventy flexural beams, having spans between 2 .0  and 7 .0 meters, have 
been tested in one of their experimental studies. Later in 1 993, and based on large scale 
research projects undertaken in USA and in Canada in the area of repair/strengthening of 
RC beams using FRP, the appl icab i l ity of such material in construction has been 
confmned [Meier ( 1 995)] .  
Rahimi and Hutch inson (200 1 )  studied the structural behavior of RC beams 
strengthened with external ly bonded p lates made of three different materials; namely 
Carbon Fiber Reinforced Polymers (CFRP), G lass Fiber Reinforced Polymers (GFRP) , 
and steel .  Around thirty one beams were experimenta l ly loaded in  four-point bending 
whi le being simply supported over a span of 2 1 00 mm. The test variables inc luded the 
amount of internal steel reinforcement bars and also the type and amount of external 
reinforcement ( i .e. ,  CFRP, GFRP, or steel plates). The beams were 2300 mm long, 200 
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CHAPTER 2 
LITERA TURE RE VIEW 
2. 1  I ntroduction 
Extending the l ife span of existing steel structures represents a major chal lenge 
for civi l  engineers. It is wel l  known that corrosion of steel structure reduces the effecti e 
cross-sectional area of the steel members and consequently causes elevated stresse at 
the corroded areas. Moreover, the increase in population also partic ipates in increasing 
the service loads on steel structures such as bridges. Therefore, the need for economical, 
fast, and re l iable techniques in repairing and retrofitting of steel structures reflect the 
importance of using fiber reinforced polymers (FRP) as a strengthening material with 
h igh strength-to-weight ratio and corrosion resistivity. Over the last two decades there 
has been significant growth in the experimental and theoretical research work studying 
the mechanical behavior of steel-FRP composite beams, and the effect of different 
parameters on their behavior. 
In this chapter, the experimental, analytical and numerical research studies that 
have been carried out to investigate the behavior of steel and reinforced concrete (RC) 
beams strengthened with FRP are out l ined. Firstly, research studies on strengthening of 
reinforced concrete beams with external ly bonded FRP strips are presented. Then, 
research work on the use of mechanical ly fastened FRP to strengthen reinforced concrete 
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observed four modes of fai lures; flexural fai lure, ripping of concrete cover, shear fai lure, 
and hybrid mode of shear fai lure and ripping of concrete cover. It was found that the 
before brittle fai l ure, the composite action of the strengthened beam could be divided into 
three distinct zones based on the distribution of the strain along the CFRP plate. The 
distressed zone was identified at the end of the p late, the bond development zone where 
strain increased l inearly, and the ful ly composite zone at the midspan of the beam. An 
analytical model was developed to predict the ripping fai lure load based on the composite 
action theory in combination with the strain l imit. A simple formulation to predict the 
bond development length was a lso presented. 
Buyle-Bodin et al. (2002) used fin ite element method (FEM) to study the 
flexural behavior of the RC beams strengthened with external ly bonded CFRP laminates. 
They investigated two parameters; the number of CFRP layers and the influence of initial 
damage. An experimental study was carried out to validate the nonl inear FE model,  
where seven prismatic 1 50x300 mm RC beams with span of 2800 mm were tested in 
four-point bending setup. S ix of the RC beams were strengthen by one or more externally 
bonded CFRP laminates. Each CFRP laminate was 50 mm wide and 1 .2 mm thick and 
had a tensi le strength of 2400 MPa and modu lus of  elastic ity of 1 50 GPa. One of the 
beams was used as the control beam, whi le  two beams were strengthened with one layer 
of CFRP and two beams were strengthened with two layers of CFRP. The other two 
beams were first loaded to a percentage of the ultimate load measured for the control 
beam before applying the CFRP laminates; one of them with one layer and the other one 
with two layers. The FE model was prepared using the French Code CASTEM-2000 
developed by the French Nuclear Research Center. The FE model is a 2D p lane stress 
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mm wide and 1 50 mm deep. The external ly bonded p lates were 1 930 mm I ng. The 
th ickness of the CFRP laminates varied from 0.4 rum (2-pl ) to 1 .2 mm 6-p L  , \\ h i l  the 
chosen thickness for GFRP was 1 . 8 mm ( l 2-ply). It was noted that the trength of beam 
strengthened with composite p lates were substantial ly increased. The u ltimate load­
carrying capacity of the beams increased by about 230% over their non-strengthened 
counterparts. The concrete beams that had been preloaded up to 80% of its u ltimate load 
before bonding had an equivalent performance to the other beams. This indicates the 
effectiveness of this repair technique in practical implementation. The amount of 
improvement in the strength of the considered beams is influenced by the amount and 
strength of the composite plates. Rah imi and Hutchinson (200 1 )  also developed a two­
dimensional (2D) nonl inear model using the Finite Element Analysis System LUSAS.  
The smeared crack concept was implemented to pred ict the propagation of cracks in  the 
RC beam. The finite element (FE) model was val idated against the experimental resu lts. 
Nguyen et al. (200 1 )  examined the performance of RC beams with externally 
bonded CFRP p lates. They studied the effect of plate length, the reinforcement steel ratio 
and the thickness of concrete cover on the behavior of the beams with more emphasis on 
the brittle fai lure mode of concrete ripping. A total of 1 0  RC beams of 1 20x 1 50 mm 
cross-section and 1 500 rom length were tested with n ine beams strengthened with CFRP 
laminates. The RC beams were overdesigned in shear to prevent shear fai lure. The CFRP 
laminates had an u ltimate tensile strength of 3 1 40 MPa, and an elastic modulus of 1 8 1  
GPa, while the adhesive has an elastic modulus of 1 2.8 GPa. Strain gauges were attached 
to the concrete surface, steel bars and along the CFRP p lates. The beams were tested in 
four-point bending after two weeks of attaching the CFRP laminates. The researchers 
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anchorage bond is provided [Earners Ra, et al. ( 1 999)] .  A number of  researchers have 
proposed analytical models to analyze debondi ng in structural members strengthened 
with external ly bonded reinforcements. They fol lowed approaches that can be classified 
as strength or fracture. The strength approach involves the calculation of stress 
d istribution a long the interfacial connection in the strengthened members based on elastic 
material properties [Reperts ( 1 989), EI-M ih i lmy (200 1 )] .  On the other hand, the fracture 
models uti l ize the elastic and fracture material properties. Hamoush et al. ( 1 990) used 
l i near elastic fracture mechanism and [mite element method to model debonding in  steel 
p lated concrete beams. Buyukozturk et al. (2004) has suggested that proper 
characterization of debonding problems and their inclus ion in the design code is essential 
for common use of the technique. Research in the area of external ly bonded CFRP has 
revealed that th is technique can't uti l ize the ful l  tensi le strength of FRP materials due to 
their premature debonding [ACI committee 440 (2002)].  
Abdel Baky et al. (2007) used FEM to simulate the flexural and i nterfacial 
behavior of RC beams strengthened w ith external ly bonded CFRP laminates. The 
nonl inear FE model was developed using the ADINA (2004) and was capable of 
predicting the various fai lure modes, including debonding of the CFRP laminate at plate 
end and at intermediate cracks. The concrete was assigned a nonl i near stress-strain 
re lationship, whi le the steel was modeled as b i l i near elastic-plastic material with a 
tangent modulus i n  the strain hardening regime o f  1 % of the e last ic modulus .  The FRP 
was assumed to behave e lastica l ly in a l inear manner up to fai lure. Two models 
(nonl inear and bi l inear models) for the concrete-CFRP interfacia l  connection were used 
as proposed by Lu et al. (2005). The FE model was val idated against experimental data 
1 4  
model in which 1 .0 mm thick bond elements were used to model the glue between th 
CFRP laminate and the concrete. The FE model was capable to a count for opening and 
c losure of crack in the case of cyc l ic load ing. The beams strengthened with 1 la er f 
CFRP ( 1 .2 mm thick) have gained 5 1  to 58% impro ement i n  the load-carrying apacit} 
over the control beam, whi le the beams strengthened with 2 layer of FRP ( .4 mm 
thick) have gained 7 3  to 77% improvement. The repaired beams sho increase in the 
ultimate load-carrying capacity in the same range of strengthened beam , but the 
improvement in stiffness was reduced. Al l  the strengthened beams exhibit britt le fai lure 
mode by horizontal crack in the concrete cover. A good correlation was found between 
the FE model and the experimental results, where the max imum difference between the 
FE and the experimental results was 1 2%. 
Buyukozturk et al. (2004) conducted a review of the progress achieved in the area 
of debonding problem in RC members strengthened using FRP composites. According to 
the researcher, the majority of the debonding fai lures reported in the l iterature took place 
in concrete substrate. However, depending on the concrete material and geometric 
properties, other possible fai lure mechanisms for the RC structures are concrete crush ing 
before yield ing of the reinforced steel, steel yield ing fol lowed by FRP rupture, steel 
yielding fol lowed by concrete crushing, and FRP debonding. Debonding fai lure behavior 
of strengthened beams was found to be highly dependent on the amount of steel 
reinforcements and the amount of external FRP reinforcement [Garden et al. ( 1 997), 
Maalej et al. (200 1 )] .  Moreover, Saadatmanesh et al. ( 1 990) showed that inappropriate 
choice of bonding material caused premature debonding in the retrofitted member. 
Debonding problem may become significant under fatigue loading unless adequate 
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Sayed-Ahmed et af. (2009) conducted an intensive review on the CFRP-Concrete 
bond strength. The review showed that B izindavyi et af. ( 1 999) and Chajes et af. ( 1 996) 
had reported that the bond is s ignificantly influenced by the surface preparation and 
qual ity of concrete. The surface preparation was ach ieved by roughening the surface and 
exposing smal l  or medium size aggregate. Accord ing to Spadea et af. ( 1 998), the degree 
and type of external anchorage was found to be important in maintaining the composite 
behavior. Bakay (2003) showed that for traditional RC beams strengthened with 
externally bonded CFRP strips with no add it ional anchorage, composite action halted at 
about 85% of the ultimate load of the beam. Meanwhi le, for beams with additional 
anchorage, composite behavior was maintained up to almost 99% of the u ltimate load. 
The rev iew also showed that according to experimenta l  studies by Chen et af. (200 1 ), 
Udea et af. (2003), Yuan et af. (2004) and Lue et af. (2005), the major factors affecting 
bond-s l ip  and composite action between the CFRP and concrete were the concrete 
compressive strength, effective bond length, CFRP laminate axial stiffness, CFRP to 
concrete width ratio, adhesive axial stiffness and adhesive compressive stiffness. In 
addition, the research carried out by Shahawy et al. ( 1 996), Arduin i  et af. ( 1 997), Maalej 
et aZ. (200 I ), Rahimi et af. (200 1 ), Sayed-Ahmad et al. (2004), Lu et af. (2005), Hosny et 
aZ. (2006) and Esfahani et af. (2007) revealed that the fai lure mode of RC beams 
strengthened with external ly bonded FRP can be separated in two categories based on the 
d uration of composite action between the materials.  When the composite action is 
maintained unt i l  the ultimate load is reached, fai l ure can occur i n  one of three modes 
based on the reinforcement ratio and the shear strength of the beam. Those fai lure modes 
are the concrete crushing prior-to or fol lowing yielding of steel reinforcement, tensile 
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for 25 specunens tested by Brena et al. 2003) the compan on howed a good 
agreement. umerical simulation of Abdel Bak et al. (2007) re ealed that the ma.ximurn 
interfacial shear stress is dependent on the steel reinforcement ratio. With an in rea e in 
the steel reinforcement ratio from 0.46 to 3 .3%, the maximum shear tre at the same 
load level was reduced by 60%. I t  as also found that it i useful to u e intermediate 
anchorage along the FRP strengthened beams to m itigate debonding. 
Kotynja et aZ. (2008) studied experimenta l ly and numerica l ly the flexural 
behavior of the RC beams strengthened with various external ly bonded CFRP 
configurations. The objective of the experimental study was to delay the intermediate 
crack debonding and to increase both the load-carrying capacity and the CFRP uti l ization 
ratio. Ten rectangular RC beams with span of 4200 mm and 1 50x300 mm cross-section 
were tested in fOUI point bending setup. According to Kotynia, all the beams fai led by 
intermediate debonding crack between the CFRP strip and concrete. It was found that 
attaching two layers of CFRP sheets with an extra U-shaped laminate along the soffit of 
the beam produced the most effective enhancement in the flexural capacity .  The width of 
the CFRP strip was shown to have an infl uence in the debonding behavior. The 
debonding was noticed few mi l l imeters in the concrete cover in the case of narrow strips, 
whi le in the case of wide strips, the debond ing was along the internal bottom steel 
reinforcements. A nonl inear bond stress-sl ip model was adopted in a 3 D  nonl inear FE 
model to characterize the interfacial elements between the FRP and concrete. The FE 
model showed a good agreement with the experimental results. 
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external ly bonded FRP laminates. Lamanna el al. (200 1 )  found that the use of mUltiple 
smal l  fasteners, as opposed to large diameter bolts, distributes the load equal ly over the 
composite strip and doesn't  cause premature fai lure due to excessive stress concentration 
at the holes in the composite strip.  The test specimens were d ivided into two target 
concrete design strengths; namely 2 1  and 42 MPa concrete. The beams were 1 220 mm 
long and had a cross-section of 1 53x 1 53 mm. For the 2 1  MPa group, a l l  the beams fai led 
due to crushing in the concrete at the compression zone. The increase in the yield 
moment over the control (un strengthened) beam ranged from 1 9  to 37%. On the other 
hand, some beams in the 42 M Pa group failed by shear in the steel fasteners, in itiating at 
the edge of FRP-concrete connection. The associated increase in the yield moment over 
the control beam ranged from 8 to 1 8%. The beams exhibited initial cracking during 
fastening in the case of h igh charge or large diameter fasteners used to attach the FRP 
lam inates. The investigators c larified that those cracks are related to the edge distance 
from the concrete free surface which was increased in larger beams. 
Lamanna el al. (2002) conducted an extension of h is previous work [Lamanna el 
al. (200 1 )] .  They tested nine RC beams of T cross-section with cross-sectional 
d imensions of 1 524 mm, 203 mm, 305 mm and 762 mm for flange width, flange height, 
web width and total height, respectively. They reported that i ncreasing the thickness of 
the mechanical ly fastened F RP strip resulted in s ignificant improvement i n  the yield and 
ultimate moment capacities. The beam strengthened w ith one strip showed an increase of  
8.0 % in yield moment and 1 4 .4 % in  the bending moment at  a mid-span deflection of  
63 .5  mm (2 .5  in.) .  The beam strengthened with two strips showed an  increase of 1 1 . 7  % 
in yield moment, and an increase of 27.2 % in the ultimate moment. Lamanna el al. 
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rupture of the CFRP, and shear fai lure of the concrete beam. However, wh n the 
composite action is not maintained unti l the ultimate load i reach d. p remature fai lure 
resulting from debonding of FRP occurs. 
2.3 Mechanica l ly Fastened FRP for Strengthen ing of RC Beams 
As shown earlier, many researchers reported that strengthening of RC beams with 
externally bonded FRP laminates requires d ifficult surface preparation to provide 
adequate bond strength between the FRP laminates and concrete substrate. Furthermore, 
it was found by many researchers that RC beams strengthened with e ternal ly bonded 
FRP laminates encountered brittle fai lure mode du to the debond ing of the FRP 
laminate. The study by Bonnaci and Maalej (200 I )  showed that up to 69% of the 
surveyed RC beams external ly bonded with FRP fai led by debonding of the FRP strips. 
An alternative technique to strengthen the reinforced concrete beams is the mechanica l ly 
fastened system, where the FRP laminate is attached to the soffit of the RC beam using 
fasteners. In this section, the main research reported in the l iterature about the 
mechanica l ly fastened FRP in  strengthening RC beams in flexure is out l i ned. 
Lamanna el al. (200 1 )  have used off-the-shelf powder-actuated fasteners to attach 
pultruded FRP strips to the soffit of RC beams. Those RC beams strengthened with 
mechanica l ly fastened fiber reinforced polymers (MF-FRP) gained 65 to 75% increase in 
the load-carrying capacity of simi lar beams strengthened using external ly bonded FRP 
laminates. However, the fastening method is extremely rapid and the fai l ure modes of the 
beams strengthened by the MF method were more duct i le than those strengthened with 
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An analytical model to predict the mechanical behavior of RC beams 
strengthened using M F-FRP strips was discussed by Bank et al. (2007). The model 
uti I ized the strain compatibi l i ty, equ i l ibrium and constitutive relations of the materials. It 
was capable of predicting the ult imate strength and fai l ure modes of RC beams 
strengthened by MF-FRP. The procedure proposed by Bank et al. (2007) was used to 
proportion strengthening systems for large-scale beams (7300 mm long and cross-section 
5 1 0x 1 50 mm) which were tested and their results were used to verify the analytical 
model .  The analyt ical model showed a good agreement with the experimental results 
where the percentage errors ranged from 6.5% to 22.6% 
More research on the influence of  fasteners' arrangement pattern and spacing on 
the flexural performance of the M F  RC beams was conducted by Mart in et al. (2008). Six 
RC beams with 3350 mm span and square cross-section with s ide length of 304.8 mm 
were tested in  four-point loading setup .  The FRP lam inates used in the experiment were 
fabricated of both carbon and glass fibers in  veiny lester res in.  A s ignificant improvement 
in the ult imate capacity of the strengthened beams was obtained by 1 2% to 39% increase 
over the control beam (i .e.,  unstrengthened beam) with a negl igible loss in their duct i l ity. 
It was also found that the distribution pattern of the fasteners has an influence on the 
flexural performance of the MF-FRP concrete beams with same n umber of fasteners. 
Lee et al. (2009) proposed a method to estimate the nominal moment capacity of 
RC beams strengthened with MF-FRP system pointing the significance of nai l rotation 
associated w ith flexural crackin g, and based on a strain reduction factor of 24%. The 
proposed method was verified with experimental study conducted on twelve smal l -s ize 
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(2002) developed an analytical model to pred ict the response of strengthened RC beam . 
The model  \ as capable of predicting the results with a 7% ma.'( imum per entage error 
relative to the experimental outcomes. 
Lammana et al. (2004) studied the effects of three different strip modul i ,  d ifferent 
fastener lengths and layouts, and the effect of predri l l ing on the fie ural capacity of RC 
beams strengthened with MF-FRP laminates. Fifteen RC beams, 3658 mm long, with a 
cross-section of 304.8x304.8 mm were tested in three-point loading. The measured 
concrete compressive strength at 28 days was 28 MPa. The unstrengthened beams were 
designed in accordance with ACI 3 1 8-99 (AC! 1 999) to behave in a ducti le fashion. 
Pritnary tension steel was provided by two #8 grade 60 deformed bars with a 
reinforcement ratio of 1 .56%. Shear reinforcements were provided in the form of c losed 
stirrups of #4 grade 60 deformed bars spaced at 1 02 mm. The moduli  of the FRP strips 
were 5 .6, 26.3, and 57.0 GPa and a cross-sectional d imension of 1 02x3 .2 mm. The 
fastening system used was a H i lt i  DX A4 1 powder-actuated fastening system. Increases 
in yield and ultimate moments of up to 2 1 .6 and 20. 1 %, respectively, were achieved . In 
case of long fasteners used in conjunction with predri l led holes, the strengthened beams 
showed duct i l ity simi lar to the control beams. The fai lure mode of most of the beams was 
a typical ultimate fai lure mode of a RC flexural member; concrete crushing in the top of 
the beam except for the beams without predri l l ing, with h igh strip modulus tended to fai l  
by strip detachment. Predri l l ing pi lot holes reduces the amount of  visible in itial cracking 
and al lows greater penetration of the fasteners, resulting in  a better overa l l  strength and 
ducti l ity. Three of the beams were strengthened with MF-FRP strips showed strength 
comparable to the beams strengthened with bonded FRP strips.  
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ductil ity. For better uti l ization of the FRP strip strength, the researcher suggested to 
extend the length of FRP strip to a sufficient development length. 
A numerical approach developed by Nardone et af. (20 1 1 )  was used to predict the 
fundamental behavior of  RC beams strengthened by MF-FRP in terms of ultimate and 
serviceabil ity l imit  states. The model accounts for the equi librium, compatibi l i ty, 
constitutive relationships, and the sl ip between the FRP and concrete. Knowing the load­
s l ip relationship of the fasteners is essential in order to apply the proposed model .  The 
results obtained by the iterative solution were compared w ith those of experimental 
results found in the l iterature showing a good agreement. The model is also capable of 
predicting three modes of fai lure for the reinforced concrete beams strengthened with 
M F-FRP strips; namely, bearing fai lure, net tension fai lure, and concrete crushing. 
2.4 Externally Bonded FRP for Strengthening of Steel Beams 
Fol lowing the successful use of externally bonded FRP laminates in strengthening 
reinforced concrete beams, researchers started applying the same techniques to steel 
beams. Sen et al. (200 1 )  conducted an experimental study to explore the appl icabi l ity of 
using CFRP laminates in retrofitting steel bridge members. The experimental work 
included testing six composite steel wide flange beams (W8x24) made of grade A36 steel 
w ith span of 6 1 00 mm.  The top flange of each beam was attached to a 1 1 4x7 1 0  m m  
reinforced concrete s lab connected by 3 6  shear connectors. The specimens were loaded in 
four-point loading setup unti l  they become severely d istressed. After that the CFRP 
laminates with different thicknesses were bonded to the bottom flange of the beams. The 
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MF-FRP beams and two control unstrengthened beams. A pre ious analytical model 
developed by [Lammana (2002) Bank et al. (2004) Bank et al. (2007)] agreed with th 
experimental results in terms of load capacity. Howe er, the model predict d mid-span 
deflections were not in agreement with the experimental re ults. 
Lee et al. (2009) aimed to improve the prediction of the fle ural beha ior of R 
beams strengthened by MF-FRP. They took into account the s l ip between the FRP and 
concrete caused by bearing in the FRP and rotation of the fasteners. A pul l -off test wa 
conducted to investigate the behavior of the FRP concrete connection. The dominant 
fai lure mode of the tested RC beam strengthened by MF-FRP, was yield ing of the 
primary'steel reinforcement fol lowed by concrete crushing with progressive delamination 
of FRP strip. It was found that the fasteners acted as crack initiators. 
Ebead (20 1 1 )  used a hybrid MF-FRP laminates in strengthening RC beams ID 
addition to a normal MF-FRP system .  The hybrid system differs from the normal MF­
FRP system by the epoxy that had been injected in the holes in order to enhance the 
attachment of the laminate and to prevent the probable corrosion that might affect the 
fasteners. Twenty one beams were tested in four-point loading setup. The beams had a 
clear span of 2250 rom and rectangular cross-section of 250 depth and 1 50 mm width. 
The beams were strengthened with different lengths of FRP strips, and the fasteners were 
placed in different distribution patterns. The specimens strengthened with hybrid MF­
FRP system gained a higher u ltimate flexural capacity than their counterparts 
strengthened with the traditional MF-FRP system. However, they experienced less 
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El Damatty et af. (2003a) studied the flexural performance of I-shaped steel 
beams strengthened with GFRP laminates externally bonded to their flanges. The study 
included the test of three W 1 50x3 7 steel beams, one control beam and two rehabi l itated 
beams with a span of 2 800 mm. The yield stress and modulus of e lastic ity of the steel 
beams were 363 MPa and 200 GPa, respectively. The GFRP laminates were 2400 nun 
long, 1 9  mm thick, and 1 54 wide. The values of 206.85 MPa for tensile strength and 1 7 .2 
GPa for modulus of elastic ity were obtained from a tensi le test conducted for the GFRP 
laminates. Methacrylate adhesive systems (A0420) was used to attach the GFRP 
laminates to the bottom and top flanges of the steel beams. According to El Damatty et 
af. (2003b), the average values of the l inear continuous springs simulating the shear and 





respectively. The experimental results revealed an increase of 1 7%, 23% and 78% in the 
in itial stiffness, yie ld moment and ultimate moment of the rehabi l i tated beams over the 
control beam, respectively. The rehabi l i tated beams fai led by a tensile rupture in the 
GFRP laminates, whi le no fai lure was observed at the interface between the GFRP and 
the steel interface, which ind icates a good performance of the adhesive. The researchers 
also developed a c losed form analytical model that can predict the yield moment capacity 
of the rehabi l itated steel beam. The model also provides an estimate of the stress induced 
in the adhesive, the steel ,  and the GFRP laminates within the range of elastic behavior. 
The study also included the use of the finite e lement software ANSYS to simulate the 
rehabi l itated beam numerically. The three dimensional FE model was developed using 
eight node solid elements to simulate the steel section and GFRP laminates, whi le the 
adhesive was simulated using three d imensional continuous spring elements located at 
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main contribution of CFRP laminates was noticed at the post-yielding tage due to the 
low modulus of elasticity of the CFRP relative to that of the teel material .  The beam 
retrofitted with th icker CFRP laminates gained higher stiffness and experien ed Ie 
deflection. The researchers suggested using steel bolts to as ist in transferring th load 
especial ly with th icker CFRP laminates. 
Analytical and numerical procedures were developed b Deng et al. (2004) to 
calculate the stresses in steel beams strengthened with external ly  bonded CFRP 
laminates. The material was assumed to be l inear elastic and shear deformation were 
neglected. The c losed-form solution for the governing d ifferential equations was 
presented, where the interfacial stresses in the steel composite beams could be evaluated. 
The finite element model ing technique was used to calculate the stresses in the steel 
composite beams for the case of CFRP plates with a tapered end. The FE model was used 
to conduct a parametric study to investigate the effect of different parameters on the 
mechanical behavior of the beams; namely tapered-end CFRP, length of taper, thickness 
of CFRP, thickness and modulus of adhesive, and the elastic modulus of CFRP plates. 
The parametric study showed that the maximum shear and normal stresses in the 
adhesive layer at the free end of adhesively bonded plates decrease as the thickness of the 
adhesive increases. The decrease in the elastic modulus of the CFRP plate reduces the 
maximum shear stress, but has l itt le influence on the normal stress. The maximum shear 
and normal stresses decrease as the thickness of the end of the taper decreases and the 
length of the taper increases. 
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used were 6.4 mm thick and 38. 1 rnm in width. The ultimate capacity of the tested girders 
was increased by 1 7% to 25% over the predicted capacities of the unstrengthened 
specimens. Add itional ly, Liu et al. (200 1 )  studied the efficiency of CFRP lam inates in 
strengthening artificia l ly  notched steel girders. The study revealed an increase of 45% to 
60% in the inelastic load capacities. Furthermore, Tavakkol izadeh et al. (2003a) 
examined eight S5xlO steel beams with 1 300 mm span. The specimens were notched in 
the ten ion flange at d i fferent depths. Different CFRP lengths were used for the different 
notches depths. The resu lts indicated a sign i ficant increase in the ultimate load-carrying 
capacity. The beams with deep notches exhibited significant deflection compared to those 
with shallow notches. In another study, Edberg el al. ( 1 996) examined the effectiveness 
of four d ifferent schemes of attaching the FRP laminates to the tension flange of W8xlO 
steel beams of 1 372 rnm span. The FRP laminates were applied over the central 1 2 1 9  mm 
of each beam. The first scheme consisted of a 4 .6  rnm thick CFRP p late, bonded directly 
to the tension flange, where the second reinforcement scheme uti l ized a simi lar CFRP 
plate, but was attached to an aluminum honeycomb structure to position the CFRP plate 
further away from the steel section to increase the moment of inertia of the section. In the 
third scheme, a foam core was attached to the tension flange, fol lowed by wrapp ing the 
whole assembly by a GFRP sheet. The fourth scheme uti l ized a GFRP pultruded channel,  
which was both adhesively bonded and mechanica l ly connected to the tension flange with 
self-tapping screws. The specimens were tested in four-point bending setup .  The increase 
in stiffness was 20%, 30%, 1 1 % and 23% for the schemes from one to four, respectively. 
whi le the increase in the strength was 42%, 7 1  %, 4 1  %, and 3 7% for the same schemes. 
Tavakkol izadeh et al. (2003b) conducted an experimental study on three steel -concrete 
26 
the interface between the steel and the GFRP. The comparison ben een the experim ntaI, 
numerical and analytical showed an excel lent agreement. 
EI Damatty et al. (2005) studied the use of Glass Fiber Reinforced Polymer in 
enhancing the flexural capacity of steel bridges. A detailed nonl inear nwneri al model 
was developed for the bridge before and after attaching GFRP sheets to the bottom flange 
of its steel girders. The analysis of nonl inear movlng load was conducted to determine the 
critical truck locations that led to maximum GFRP axial stresses and maximum adhesive 
shear and peel stresses. The bridge steel girders had a span of 24.85 m. The girders 
height, web thickness, flange width, and flange thickness were 9 1 0  mm, 1 2  mm, 307 mm, 
and 20 mm, respectively. An increase in the truck weight carrying capacity of the girder 
of about 25% was achieved using this  retrofitting scheme without suffering from 
premature fai lure in the concrete, GFRP or adhesive. 
An extensive review on retrofitt ing steel beams using external ly bonded FRP 
laminates was conducted by Shaat et al. (2004). The review showed that researchers 
discussed the d ifferent approaches used to examine the feasibi l ity and efficiency of 
retrofit of steel girders; namely, repair of naturally deteriorated steel girders, repair of an 
artificially notched girder strengthening of an intact section to increase the flexural 
strength and stiffness, and retrofit of steel girders in composite action with a concrete 
deck. The review showed that Gi l lespie et al. ( 1 996) investigated the performance of four 
ful l -scale beams removed from a deteriorated steel bridge. The four corroded bridge 
girders were 9754 mm in length, 6 1 0  mm deep, and had a flange width of 229 mm. The 
tension flanges were retrofitted with one layer of CFRP laminates, where the CFRP strips 
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steel beams with span of 1 800 mm strengthened with different lengths of CFRP laminates 
were tested in four-point load ing setup. The CFRP laminates were 50 mm wide and 1 .4 
mm thick. Extra steel p lates were welded to the compression flanges of the beams to 
prevent fai lure due to compressive yielding. Increasing the CFRP laminates length 
resulted in a significant increase in the flexural capacity of the strengthened beams. 
However, the fai lure mode of the beams of longer laminates was due laminate rupture at 
mid-span. Meanwhi le, the beams strengthened with shorter laminates fai led due to 
debonding of the CFRP laminates. 
The static behavior of the H-shaped steel beams strengthened with CFRP 
laminates was · studied experimental ly, analytica l ly  and numerical ly by Colombi et al. 
(2006). Three identical 2500 mm long REA 1 40 steel beams were strengthened by 
attach ing one or two layers of CFRP strips to the bottom flange of the steel beams using 
two different epoxy adhesives (Sikadur 30 and Sikadur 330) .  One more beam was tested 
as a control beam to provide reference results. The CFRP strips had a length of 2000 mm, 
width of 60 m m, thickness of 1 .4 mm, and a Young's modulus of 200 G Pa. The beams 
were tested in three-point bending setup. At 20 mm mid-span deflection, the revealed 
results showed an increase in the strength of about 1 0% and 23% for beams strengthened 
with one layer and two layers, respectively. On the other hand, no significant d ifference 
was observed between the two types of adhesive. Two d ifferent analytical models were 
used to predict strains in the CFRP strips. The first model involves a strength approach to 
evaluate the interfacial and adherent stress d istributions and is based on the assumption of 
e lastic material behavior. The second one uses the standard transformed section method 
to evaluate the stress in the CFRP strips. A finite e lement model was developed using the 
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composite girders using W35 5 x 1 3 .5  steel beams with a 75 rom thick b. 9 1 0  mm wide 
concrete s lab. The CFRP laminates were 75 mm ide 1 .27 mm thi k and " ere appl i  d in 
different number of layers. The results indicated increase in the ultimate load-carrying 
capacity of 44%, 5 1  %, and 76% for the beams retrofitted with one, three, and five layer 
of CFRP, respectively. 
The fai lure modes control l ing the response of steel beams retrofitted \ ith 
externally bonded FRP laminates were summarized by Buyukozturk et aZ. (2003). The 
possible fai lure modes are top flange buckl ing in compression web buckl ing in hear, 
FRP rupture and FRP debonding. The researchers empathized the need to consider al l  
possible fai lure modes in the design process. 
High modulus CFRP laminates were used by Schnerch (2005) to strengthen 
composite steel-concrete bridge girders. The research first investigated the efficiency of 
bond adhesive by testing smal l-scale beams strengthened with CFRP using d ifferent 
types of adhesive. The optimal adhesive was then se lected to be used in large-scale steel­
concrete girders. The influence of using CFRP laminates with intermediate and high 
modulus was investigated by testing the large-scale beams. The results revealed that the 
high modulus CFRP was more efficient ill increasing the stiffness and the ultimate 
strength of the strengthened beams by a percentage mcrease of 36% and 45%, 
respectively, over the control beam. The investigation showed also that prestressing the 
CFRP laminates improved the performance of the strengthened beams. 
Lenwari el aZ. (2005) investigated the flexural behavior of rol led steel beams 
strengthened with partial- length, external ly bonded CFRP laminates. Seven W I OOx1 7.2 
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modulus of  elastic ity, and strain-hardening ratio of the steel beams were 400 MPa, 200 
GPa, and 0.0 I respectively. The tensile strength, compressive strength, and modulus of 
e lasticity of the FRP sheets were 1 35 MPa, 1 65 MPa, and 1 2 .4 GPa, respectively. The 
experimental resu lts were used in verifying the accuracy of the analyt ical model which 
was able to predict the peel and shear behavior of the adhesive material .  An excel lent 
agreement was shown between the experimental measurements and the results obtained 
from the analytical model .  It was indicated that the tensi le stress in the GFRP strip 
increased from zero at the GFRP edge to the maximum value at the mid-span. The 
adhesive peel stress reached 3 7% of its expected capacity. 
Benachour d of. (2008) studied the shear and normal interfacial stress in simply 
supported beams strengthened with bonded prestressed composite laminates analyt ica l ly .  
The l inear elastic analyt ical model was able to adapt d ifferent loading schemes; uniform 
d istributed load, arbitrary positioned single point load, and two symmetric point loads. 
The model did not account for s l ippage between the steel and FRP laminate as a perfect 
bond was assumed . Increasing percentage of fiber a l igned in the beam's longitudinal 
direction resulted in increasing the effective modulus of the externally prestressed bonded 
FRP plate. It was found that laminates with h igher e lastic modulus produce a lower 
concentration of stress at the edge of stee l-FRP interfacial connection. Using more 
flexible adhesives resul ted in a more uniform d istribution of interfacial stress and reduced 
the value of maximum critical interfacial stress at the ends of the laminate. The study 
recommended using mechanical anchorage devices at the end of prestressed laminates in 
order to avoid premature fai lure of the strengthening scheme and ensure sufficient 
anchorage capacity at the ends of the laminates. 
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general purpose FE software ABAQUS to e aluate the stre e in th trengthened 
beams. The beam was modeled using standard two node beam elements \ hile the 
adhesive layers and the CFRP strips were modeled by standard e ight node plane tr 
elements. The results of both analytical and FE models showed good agreement with the 
experimental outcomes. 
An experimental study to investigate the effectivenes of u ltra-high modulu and 
h igh modulus pre-preg CFRP in strengthening artificial ly degraded rectangular hol low 
steel sections was carried out by Photiou (2006). Four beams were upgraded, two 
uti l izing V-shaped pre-preg FRP units, which extended up the vertical sides of the beam 
to the neutral axis height, whereas the other two beams used a flat pre-preg FRP plate 
bonded to the tension flange of the beams. For each of the geometrical shapes either an 
u ltra-high modulus or a high modulus CFRP was used. The beams of were tested under 
four-point loading setup.  The results showed that the beams strengthened with u ltra-high 
modulus pre-preg CFRP experienced a brittle fai lure mode due to fiber breakage, while 
the beams strengthened with high modulus pre-preg CFRP failed in a ductile mode. The 
results showed also that the use of u-shaped pre-preg CFRP prevented the debonding at 
h igh loading values. 
Youssef (2006) developed an analytical model to predict the l inear and non-l inear 
behavior of steel beam strengthened with external ly bonded GFRP sheets. S imply 
supported W 1 50x37 steel beams, strengthened by bonded 1 9  mm GFRP sheets to the top 
and bottom flanges were tested in four-point loading setup. The beams had a length of 
2800 mm while the GFRP sheet was 2400 mm long and 1 52 mm wide. The yield stress, 
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An intensive review on the strengthening of steel structures with externally 
bonded FRP composites was conducted by Teng et al. (20 1 2) .  The researchers c lassified 
the structural use of FRP with steel in two categories. The first category is the bond­
critical appl ications, where the interfacial shear stress transfer function of the adhesive 
layer that bonds the steel and the FRP together is crucial to the performance of the 
structure. The external ly bonded FRP for flexural strengthening of steel beams is part of 
this category. The second category is the contact-critical appl ications, where the steel and 
FRP should remain in contact to ensure the effective interfacial normal stress transfer. An 
example of the second category is the confinement of concrete-fil led steel tubular w ith 
FRP jackets . Accordingly, the investigation revealed that the possible interfacial fai lure 
modes in the steel beams strengthened with external ly bonded FRP are the fai lure w ithin 
the adhesive layer ( i .e. cohesion fai lure), and fai lure at the material interfaces (adhesion 
fai lure) between the adhesive and steel or between the adhesive and FRP. The debonding 
fai lure modes for a simply supported steel beam strengthened in flexure with externally 
bonded FRP are the intermediate debonding and plate-end debonding. The intermediate 
debonding occurs away from the FRP plate ends and at a defect or at a location where 
high i nterfacial shear stress arise due to local yield ing of steel section. Whi le  the end­
plate debonding mode occurs when the debonding initiates at the FRP plate end due to 
h igh interfacial shear stress and peel ing stress. The researchers raised several Issues 
which didn't  receive sufficient investigations and should be given attention in future 
research l ike the durabi l ity of the bonding adhesive, fire resistance of FRP-strengthened 
structures, strengthening of steel structures against b last and impact loading, and the use 
of external FRP reinforcement for both strengthening and corrosion resi stance. 
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Saleem et al. (20 1 0) de eloped a nonl inear 3 D  FE model, u ing the general 
purpose fmite element program ABAQU , to investigate the mode of fai lure and f1 xuml 
behavior of both steel and steel-concrete composite beams strengthened b different 
lengths of CFRP plates. The developed 3D FE model accounted for the ge metric and 
material nonl inearities. An eight-node brick element was employed to model the con rete 
slab, steel beam, adhesive layer, and CFRP plate. The FE results were val idated again t a 
previous experimental study. The researchers concluded that the growth of intermediate 
debonding leading to a complete debonding fai lure was prevented by splices near the 
supports of the beam. Reverse tapered spl ice plate ends did not suffer from the peak shear 
stress as the traditional one. So, this geometry has a higher resistance to debonding 
fai lure. 
Recently the effect of CFRP laminate length on the mechanical behavior of 
continuous steel beams was investigated numerical ly by Kadhim (20 1 1 ). The finite 
element analysis was carried out using the general purpose finite element software 
ANSYS. The results obtained from the 3D FE analysis  were val idated against results 
from a previous experimental work. Brick elements were used to simu late the steel beam, 
whi le she l l  elements were used to simu late the CFRP laminates. The steel material was 
assigned a bi l inear stress-strain relation, while the CFRP was modeled as a l inear elastic 
material .  The 3D FE model was employed to five small -scale beams simi lar to those 
tested experimenta l ly by Jun (2007). The Finite element analysis showed that when the 
length of CFRP laminate reached 40% of span length in sagging region and 60% of beam 
length in hanging region, insignificant increase in the u ltimate load-carrying capacity 
occurs. 
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post-yield modulus of stee l .  More detai ls about the outcomes of Alhad id's study are 
presented, wherever app licable, in Chapters 3 and 4. 
2.6 Conclusions 
According to the preceding l iterature review related to strengthen ing reinforced 
concrete, steel and composite beams using FRP materials, it can be seen that there is only 
one experimental research study that investigated strengthening of steel beams with 
mechanically fastened FRP (MF-FRP). However, some researchers reg. Edberg et al. 
( 1 996)] used steel fasteners to 'prevent debonding of FRP laminates external ly bonded to 
the tension flange of the steel beams. The experimental work done by Alhadid (20 1 1 )  on 
the mechanical behavior of steel beams strengthened with mechanical ly fastened F RP 
laminates was l imited to investigate few parameters related to the considered length and 
thickness of FRP laminates experimenta l Jy. Therefore, the need to understand more about 
the characteristics of the MF-FRP system in strengthening steel beams was the driv ing 
force behind this current study. 
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2.5 Mechan ica lly Fastened F RP for Strengthening of teel Beams 
To the author's kno� ledge in 20 1 3, the ftrst attempt for u ing me hanical l} 
fastened fiber re inforced polymer strips in trengthening steel beams \ as carried out b 
Alhadid (20 1 1 ). The study investigated the performance of 24 me han ical l  fastened 
steel-FRP connections experimental ly. A non-l inear load-slip relation hip 'i as 
established based on the experimental fIDdings. The interfacial load-sl ip re lationship \ as 
incorporated in a 3D FE analysis to examine the influence of arious design parameters 
on the connection behavior. Additional ly, Alhadid tested eight beams strengthened with 
FRP laminates of different lengths and thicknesses. The FRP laminates lengths were 
1 200, 1 800 and 2200 mm, the beams where strengthened with one and two layer of FRP 
laminates. The typical FRP laminate was 1 00 mm wide and 3 . 1 75 mm th ick. Three steel 
beams (with no FRP) were also tested and used as control specimens. The base steel 
section in al l  of these beams was UB 203x l 02x23 with total length of 3000 mm and span 
of 2750 mm. The strengthened beams exhibited ducti le fai lure mode accompanied by 
bearing in the FRP laminate when sufficient number of fasteners were used.  On the 
contrary, the strengthened beams with insufficient fasteners failed in a brittle manner by 
sudden shear fai lure in the fasteners. The experimental results also revealed that 
increasing the th ickness and length of FRP results in a sl ight improvement in the yield 
moment ( i .e., moment at first yie ld in the steel section) but a significant enhancement in 
the ultimate flexural capacity of the strengthened beams. The investigation showed that 
the contribution of the FRP laminates becomes noticeable after the in itiation of yield ing 
of the bottom steel flange where the elastic modulus of the FRP becomes higher than the 
beams.  Then, the FE model of the composite beams is val idated against the experimental 
results reported in the research work by Alhad id (20 I I ) . 
3.2 Fin ite Element  Method Background 
The Finite Element Analysis (FEA) is  a mathematical technique used to  find 
approximate numerical solutions for partial d ifferential equations over compl icated 
domains. Solving complex elasticity problems was the driving force behind establ ish ing 
the FEA in civil ,  mechanical, and aeronaut ical engineering. A lexander Hrennikoff ( 1 94 1 )  
and Richard Courant ( 1 942) have used mesh d iscretization of a continuous domain into a 
set of d iscrete sub-domains, usual ly cal led elements [pelosi, G .  (2007)] .  I n  1 947 Olgierd 
Zienkiewicz gathered their work into what is cal led the Finite Element Method of today 
[Stein E. (2009)] .  The development of the computational capabil ities of computers by the 
early 1 960s has empowered the appl ications of the FEM in the d ifferent engineering 
appl ications. 
The Finite Element Method has been used successful ly to study the e lastic  and 
inelastic behavior of various structural elements. Typical ly, the FEM starts with the 
d iscretization of the considered structure through creating the FE mesh where each 
e lement is connected to the adjacent e lements through nodes. The solut ion of the partial 
deferential equations that govern the stress-deformation relationship is approximated at 
the e lement level .  The deformation field is then approximated by piecewise deformation 
functions along each element (typically cal led shape functions). Boundary conditions are 
typica l ly  appl ied at the mesh nodes to represent forces and supports. A set of 
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CHAPTER 3 
FINITE ELEME NT MODELING OF 
COMPOSITE STEEL-FRP BEAMS 
3. 1 Introduction 
As discussed earlier, one of the objectives of this study is to investigate the 
mechanical behavior of composite steel-FRP beams. In this regard, two approaches rna 
be fol lowed; namely experimental and numerical .  The experimental approach, where 
smal l-scale (or ful l-scale) prototypes of the beams under consideration are bui lt and 
tested up to fai lure or excessive deflection, would result in more realistic representation 
of the beam behavior. However, th is approach is costly and can only be adopted for a 
l im ited number of specimens. Therefore, numerical simulation would be a more 
affordable and risk-free approach especial ly if a parametric study is required to show the 
effects of the different geometrical and/or material parameters on the behavior of the 
considered beams. 
The Finite Element Method (FEM) is a wel l -established numerical simulation 
technique that has been extensively used by many researchers in the area of stress 
analysis. The fol lowing sections report on the implementation of the FEM in studying 
the mechanical behavior of composite steel-FRP beams under flexural stresses. Firstly, a 
brief background about the FEM is provided fol lowed by a description of the developed 
FE model, material properties and boundary conditions of the composite steel-FRP 
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stresses are required . In  other words, this simple type of analysis  does not require 
incremental appl ication of the loads. 
3.2.2 Non-linea r Ela to-Plastic Finite Element Analysis 
Two of the major sources of non-linearity in solids and structures are considered 
in the current study. The first source is the geometrical non-l inearity where significant 
change in geometry of the sol id or structure during applying the load increments is 
experienced. The second source arises from elasto-plastic material non-l inearity where 
stress is non-proportional to strain and the material experiences yielding and plastic 
deformations. 10 non-l inear fin i te element analysis, the sti ffness matrix [K] is no longer 
constant as it becomes dependent on both the geometry and the stress level in the 
sol id/structure at the instant of Load increment appl ication. Therefore, the non-linear 
stiffness matrix [Kr] relates the incremental loads to the correspond ing incremental 
deformations as in the fol lowing equation 
{dF} =[Kr ] {du} 
3.23 Newton-Rapbson Procedure for Incremental Load Application 
(3.3) 
The Newton-Raphson procedure is often used for the solution of non-l inear 
problems. 10 th is iterative procedure, the load is appl ied in increments through the 
app l ication of the fol lowing constraint condition to the fmite e lement governing equation 
(3.4) 
where n i s  the index of the load i ncrement. 
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simultaneous l inear equations are de e loped and used as an approximation of the olution 
of the partial d ifferential equations of equi l ibrium. The e equation relate th hang in 
nodal forces {dF} to the change in nodal displacements {du} through a matrix cal l  d th 
stiffuess matrix of the structure [K] . This can be written as: 
{d F} = [K] {du} (3 . 1  ) 
The structural stiffuess matrix [K] is dependent on the geometry of th deformed 
structure and the stress and strain h istories of the e lements during incrementing the load 
to reach its final value. If load is applied in increments Eqn. 3 . 1  can be used to obtain the 
corresponding increments of deformations. These incremental deformations are used to 
obtain incremental strains which in tum define the corresponding incremental stresses 
through the proper material constitutive relationships. Total deformations, strains, and 
stresses may be obtained by summing their incremental counterparts as the appl ied load 
advances in a predefined loading scenario. 
3.2 . 1  Linear Elastic Fin ite Element Analysis 
This simple type of analysis appl ies to structures with l inear elastic materials that 
undergo insignificant change in their initial geometry after deformation ( i .e., smal l  
deformations). In  this particu lar case, the stiffuess matrix [K] becomes constant [KEJ and 
Eqn .  3 . 1 may be written as: 
(3 .2) 
This equation impl ies that the deformations are proportional to the total appl ied 
loads. As such, the loads can be applied with their fu l l  values at which deformations and 
stiffness matrix [KT] I .  The total incremental deformation { un,, } at the end of iteration ( i )  
is expressed as 
J=' 
{un.. } = {u,, }  + 6{u, } = {uJ + I>5{u) (3 .5) 
J=I  
where { un }  is the total deformation vector at the end of the n lh load increment. 
The iterative procedure continues unti l the convergence of the equi l ibrium 
condition is achieved (i .e .  norm of the res idual forces II {Ri } 1 1 approaches a negligible 
value) which is termed "Force Convergence Criterion" and is expressed as 
II{RJ/lld{F�1 < Tolerance (3.6) 
or, norm of the iterat ive deformation 1 18 { u, } 1 1 becomes neg l igible which is referred to as 
"Displacement Convergence Criterion" and is given by 
IIo{u, �1/I I6{U, �I < Tolerance (3 .7) 
The Tolerance is typical ly assi gned a small  value (e.g., 0 .00 1 )  that is sufficiently near to 
zero [Gerald et af. (2003), Mathews and Kurtis (2004)] . 
Despite the rapid quadratic convergence of the Newton-Raphson procedure, it can 
be time consuming and inconvenient in some particular situations. This is due to the fact 
that the tangent stiffness matrix [KT] has to be calculated and factorized at each iteration. 
One way to avoid this problem is to formulate the tangent stiffness matrix only at the first 
one or two iterations (the Modified Newton-Raphson Method) while it is kept constant 
over the rest of the iterations. This would save computing t ime, but w i l l  slow down the 
convergence rate and more iterations may be required. Another drawback of both the 
Newton-Raphson method and i ts modified version is that they fai l  once a behavior 
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{F..-, } 
d {F} {Ro} 
{F.} 
{u,.} 
O{u, } • J 
6{ u, } 1 · 1  
l '  
Defonnation {u,.., }  
Figu re 3. 1 :  Newton-Raphson Iterati e Procedure 
Figure 3 . 1  i l lustrates the incremental load and associated iterative equi l ibrium 
solution approach. In this solution procedure, the stiffness matrix [KT] (cal led tangent 
stiffness matrix) is ful ly calculated at the start of each iteration and termed [KT] , , where i 
is the iteration index. The solution starts with the calculation of the tangent stiffuess 
matrix at the end of the previous load increment (termed [Kr]o). This tangent stiffness 
matrix along with the load increment d { F} are used to obtain ftrst iterative solution for 
the deformations 8 { UI }  which can be used to obtain the iterative strains and stresses. The 
convergence or equi l ibrium of the ftrst iterative solution is checked by assessing the 
difference between the integration of the total internal stresses over the volume and the 
overal l  external loads (not incremental ones). This d ifference is termed residual forces 
and denoted by {R1 } where the subscript refers to the iteration index. The negative values 









Figure 3.2 : Typical Geometry of Composite Steel-FRP Beam 
As indicated in Fig. 3 .2, the depth of the be?m is directed along the Y-axis whi le 
its span coincides with the Z-axiS. The beam geometry is characterized by its span L ( i .e. , 
distance between supports), flange width bf, flange thickness tf, web height hw, and web 
thickness two The FRP laminates geometry is characterized by the length Lfrp, thickness tfrp 
and width bfrp. The pitch size ( longitudinal distance between fasteners) is denoted as P. 
The beam is simply supported at its left and right ends. Stiffener p lates with thickness ts 
are used at both ends of the beam to avoid web crippl ing  due to concentrated reaction 
forces. S imil ar stiffeners are also used at (and around) the point of appl ication of the m id­
span concentrated load as shown in Fig .  3 .2 .  
33. 1 Description of the Finite Element Model 
A three d imensional (3D) [mite element model is developed using ANSYS (20 1 1 )  
to simulate the behavior o f  composite steel-FRP beams.  The fol lowing sections provide 
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exhibiting a peak load is encountered. Thus the peak load is underestimated because a 
numerical, rather than structural instabi l ity occurs. t thi time, it is cru ial to re rt to 
another technique that works for peak load cases. The Arc-L ngth Control Method 
emerges as a convenient alternati e for these cases [Crisfield ( 1 98 1 )] .  
I n  the current study the Newton-Raphson method wi l l  be used, as the tructural 
system wi l l  be displacement-control led where the displacement increments v i l l  be 
appl ied at the m id span of the composite beams. This wi l l  help to overcome the instabi l ity 
issue encountered by ewton-Raphson at the peak load. 
3.3 Fin ite Element Model of Co
·
m posite Steel-FRP Beams 
The Finite Element Method is used to model  ful l -scale simply supported 
composite steel -FRP beams bent about their major flexural axis under the effect of a 
concentrated mid-span load. The FE model is expected to simulate the flexural behavior 
of the considered beams, predict the ult imate load capacities, and capture any local or 
g lobal buckling modes. The general-purpose fmite element software ANSYS (20 1 1 )  is 
ut i l ized to perform the FE simu lation. The non l inearity considered in the fmite e lement 
analysis is due to both geometrical and material nonl inearities. 
Figure 3 .2 shows the geometry of a typical composite steel -FRP beam considered 
in the current study. The geometry is defined using a global Cartesian coordinate system 
with its origin located at the bottom of the steel cross section at the mid-span of the beam. 
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Fiber Reinforced Polymer (FRP) : 
The FRP used in the current study is manufactured by STRONG WELL ®. This 
kind of FRP can be dri l led without significantly affecting the mechanical properties of 
the lam inate. This is due to the fact that such laminates include carbon tows that are 
sandwiched between layers of fiberglass mats and bonded together by a highly corrosion 
resistant veinylester resin .  This combination of materials improves the bearing properties 
of the laminates that is mainly provided by the glass mat (GFRP mat) that surrounds the 
carbon fibers. 
The FRP was modeled as a l inear elastic material with different material 
characteristics in the various working directions. The elastic modul i ,  shear modul i  and 
Poisson's ratio values are shown in Table 3 . 1 (Kachlakev and McCurry, 2000) for a 
composite FRP plate with its longitudinal fibers d irected in the Z-direction. 






Mod u lus 
Ratio 
(MPa) 
Out-of p lane of laminate Ex = 4800 Vxy = 0.3 Gxy = 1 967 
in-p lane of laminate and .1. to fibre 
Ey = 4800 
d irection 
Vxz = 0.22 Gxz = 3270 
in-plane of laminate and paral le l  
Ez = 62 1 90 
to fibre direction 
Vyz = 0.22 Gyz = 3270 
Load-S/ip Relationship of Fasteners: 
As reported by A L hadid (20 1 1 ), the load-sl ip relationship, shown in Fig. 3 .4, 
corresponds to a particular case of the interfacial behavior of stee l-FRP connection, 
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details about the material models types of elements loads and boundary condition u d 
in the FE model .  
3.3. 1 . 1  Material Models 
Steel: 
The steel material is known to exhibit an elasto-plastic stress-strain relation hip. 
Figure 3 .3 shows the typical uniaxial multi- l inear stress-strain relationship defmed b the 
steel 's  e lastic Young's modulus E, tangential modulus E( yield stres Fy, and ult imate 
stress Fu. In this study, Et is assumed to be 0.03E and Poisson s ratio v to be equal to 0.3. 
For the case of e lastic steel material ( i .e. ,  no. yield ing), only E and v are required to be 
defined. 
3 4 
- - - - - - - - - - - - - - - - - - - - - -.�----
2 
& = (F,I E) s = 0.01361 
Figu re 3.3 :  Material Model Used to Simulate the Mechanical Properties of the Steel 
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3.3.2 Types of Elements 
An 8-node sol id element, SOLID45, is used to model both the steel beam and 
FRP laminates. The e lement is defined by eight nodes each having three translational 
degrees of freedom in the x y, and z directions. The general geometry and node locations 
for this element are shown in Fig. 3 . 5 .  The element is able to model large defonnations 





I , I L ... _ - - K 
Figure 3.5: SOLID45,  3-D structural Sol id Element as Defined in (ANSYS 20 1 1 )  
Three COMBIN39 
Spring Elements 
Figu re 3.6: Fasteners and Spring E lements in  X, Y, and Z Directions 
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where the SAFESTRJP FRP laminate has a thickness of 3 . 1 75 mm and the ste I fastener 
diameter is 6-mm. The relationship is initial l l inear unti l it reache a value of about 7._ 
leN after which smal l  parts of the GFRP mats around the fastener hole tart to rupture 
associated w ith significant increase in the s l ip \ ith sl ight increase in the load. Thi 
response is characterized by noticeab le bending in the fasteners in addition to ignificant 
bearing deformations at the bolt holes. Beyond slip of about 9-mm, the load value tart 
to pick up again with remarkable pee l ing of the GFRP mats associated with folding of the 
washers. Once the peak load is reached at about 1 3-mm sl ip gradual excessi e bearing 
damage takes place leading fmal ly, to progressive tearing out of the FRP laminate . Thi 
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Figu re 3.4: Load-Slip Relationship as Obtained Through Experimental Resul ts [Alhadid 




x ,Ly' -------....3 
Fig u re 3.7: 4-Node Structural She l l  Element, SHELL l 8 1 ,  as Given by ANSYS (20 1 1 )  
3.3.3 Boundary Conditions and Load Application 
Figure 3 . 8  shows the general geometry of the composite steel -FRP beam with its 
app l ied boundary cond itions. The beam is subjected to a mid-span point load and 
supported on rol lers at its left and right ends. Accordingly, vertical displacements Uy and 
lateral displacement Ux are restrained at the bottom nodes of the cross section at both 
supported ends. Besides, the d isplacements in the longitudinal direction Uz are restrained 
at the a l l  nodes of the cross section at the m id span to enforce the symmetry condition in 
the Z-d irection. The stiffeners insta l led at both ends and at the mid span of the beam are 
part of  the geometrical model as presented in Fig.  3 .8 .  The stiffeners are used to e l iminate 
the local buckl ing that may occur due to the stress concentration at some points on the 
cross-sections at the beam ends and at the loading point. To ensure that the beam wi l l  
have no lateral torsional buckl ing (L TB)  the  top flange is braced in the lateral direction 
( i .e., Ux = 0) at two points along the beam (one point is 355  mm away from mid -span in 
the Z-d irection and the other point at the same distance from the mid-span on the 
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In the adopted strengthening tec hnique, mechani aI fasteners are u ed to c nne t 
the FRP laminate to the bottom flange of the steel beam. In the de elop d FE m del, 
multi- l inear spring elements COMBIN39 are used to simu late the action of fasten rs. Thi 
e lement is defmed by two (preferably coincident) node points and a generalized [or e­
deflection relationship. Three spring elements are typical ly used to imulate the behavior 
of the real fastener in the three directions of action X Y and Z as shown in Fig. 3 .6 .  Th 
ideal ized load-slip relationship for the spring element in the Z direction was identified 
experimenta l ly by Alhadid (20 1 1 )  as depicted in Fig. 3 .4.  The spring in the Y direction 
(the vertical interaction with the steel cross section) is assigned a significantly high 
fastener stiffness value (50,000 N/mm)  in both tension and compression such that no 
overlapping occurs between the FRP laminate and the Steel flange. Meanwhile the 
spring acting in the transverse direction although is not contr ibuting in carrying any 
loads, it is assumed to have same properties as the element in the Z direction. 
The 4-node she l l  elements SHELL181 are used to s imulate the st iffeners at the 
locations of high stress concentration at the end supports and at the loading point at the 
m id span . Element SHELL181 is suitable for analyzing th in to moderate ly-thick shel l 
structures. It is a four-node element with six degrees of freedom at each node; 
translations in the X, Y, and Z d irections, and rotations about the X, Y, and Z-axes as 





Figure 3.9: Typical Cross-Sectional View of the Mesh of the Composite Steel-FRP 
Beam 
A convergence study is carried out to verify the adequacy of the selected e lement 
sizes. Figure 3 . 1 0  shows samp le results of the convergence study in which the element 
sizes are changed according to the l imitations mentioned above. The appl ied mid-span 
load at an arbitrary deflection value at the mid-span ( 1 20 mm in this case) are p lotted for 
several various size configurat ions. Accord ingly the final elements sizes are selected such 
that the increase in the number of elements does not result in change in the results. A 
typical mesh configuration is shown in Fig. 3 . 1 1  for a British universal beam VB 
203 x 1 02x23 with the fol lowing dimensions ( in mm) :  L= 2750, If= 9 .3 ,  bf = 1 0 l .8,  tw = 
5 .4, hw = 1 84.6, 'frp = 3 . 1 75 ,  bfrp = 1 00. 
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opposite direction). Meanwh i le the rest of the nodes are left unre trained again t an 





, - .  , • 
Figure 3.8: Boundary Condition for a Typical Composite Steel-FRP Beam 
3.3.4 Element sizes and Meshing Considerations  
As i t  was mentioned before, the steel beam cross section is modeled by sol id 
e lements (SOLID45). The side length of the element in the X and Y d irections is selected 
not to exceed twice the thickness of the web as shown in the cross-sectional v iew of the 
composite steel-FRP beam presented in Fig. 3 .9 .  The maximum length of the element in 
the Z direction is set to be four times the side length in the other two directions. The 
selected sizes for the elements are selected to ensure convergence of the solution within a 
reasonable execution time. 
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3.4 Validation of the Finite Element Model 
To verify the perfonnance of the developed three d imensional finite element 
model described in the prev ious sect ions, the model is employed to simulate the elasto­
plastic behavior of composite steel-FRP beams under m id-span concentrated loads that 
have been studied experimenta l ly by Alhadid (20 1 1 ). The obtained mid-span load­
deflection results from the FE analysis of the considered beams are compared to the 
experimental outcomes to validate the accuracy of the proposed model .  
The experimental study investigated the enhancement in the load-carrying 
capacity of steel beams strengthened with FRP laminates, with d ifferent lengths and 
thicknesses, that are anchored to the bottom flange. The 3D FE model incorporates a l l  the 
geometrical deta i ls and material models as described by Alhad id (20 1 1 )  in his study. The 
material properties of the FRP are summarized in Table 3 . 1 .  The steel material properties 
are Fy = 335  M Pa, Fu = 429 MPa. The cross-section of al l  the beams tested is 
UB203x l 02x23. F ive 1 2-mm thick stiffeners are welded to the steel beam at mid-span. 
The load-s l ip  relationship of a 6-mm d iameter fastener i n  a 3 . I 75-mm thick FRP laminate 
is given i n  Fig. 3 .4 .  S ince bearing deformations around the holes in the FRP laminate 
control the load-sl ip  behavior [Alhadid (20 1 1 )] ,  the loads in the load-sl ip relationship 
shown in Fig. 3 .4 are scaled by (ftrp / 3 . 1 75 mm) for laminate thicknesses other than 
3 . I 75-mm. 
Figure 3 .2 shows a typical steel beam used by A lhadid (20 1 1 )  w ith the fol lowing 
d imensions ( in mm):  L= 2750, 1/= 9.3 ,  br 1 0 1 . 8, Iw = 5 .4 ,  hw = 1 84.6, bfrp = 1 00. A lhadid 
tested a group of eigth UB203 x l 02x23 beams; three control steel beams ( i .e. ,  without 
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Figure 3. 1 0: Results of Convergence Study, Mid-Span Load at 1 20 mm M id- pan 
Deflection Versus Number of E1ements for Different Mesh S izes 
Figure 3.1 1 :  Typical Mesh Configuration for Composite Steel-FRP Beams 
(UB203x1 02X23, L = 2750 mm, tfrp = 3 . 1 75 mm, bfrp = 1 00 mm) 
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model is capable of  simulating the latter fai lure mode only (as defined by the load-slip 
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Fig u re 3. 13 :  The Load- Deflection Curves of the 1 200S Specimen 
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FRP) and fi e composite steel-FRP beams. The main differen e between the te ted 
beams are the FRP length (LJrp) and thickness (fJrp). The beams are labeled 
xx:x:xD where "xxxx" stands for the length of FRP in mm, ' " ind icate a ing\e layer of 
FRP (i.e. fJrp = 3 . 1 75 mm), and "D" refers to double layers of FRP (i.e. IJrp = 6. 5 nun). 
Table 3.2 shows the d ifferent beams used in the al idation tudy along \ ith their 
corresponding parameters. 
Table 3.2 : Basic Parameters of the Different Beams Used in the Val idation Study 
Beam Designation 
# FRP Length Number of FRP Thickness 
Experi m ental Fin ite (mm) F R P  Layers Ifrp (m m )  
E lement 
I Control Control FE - - --
2 1 200S 1 200S FE 1 200 1 3 . 1 75 
3 1 2000 1 2000 FE 1 200 2 6.35 
4 1 800S 1 800S FE 1 800 1 3 . 1 75 
5 2200S 2200S FE 2200 1 3 . 1 75 
6 22000 22000 FE 2200 2 6.35 
The experimental mid-span load-deflection results are reported in Fig. 3 . 1 2  to 
Fig. 3 . 1 7  as dots while the FE predictions are shown as sol id l ines. A simple look at these 
figures show the excel lent agreement between the numerical and experimental results 
except for the 1 200D specimen as presented in Fig. 3 . 1 4 . It is important to note that 
A lhadid (20 1 1 )  reported that the failure mode of specimen 1 200D was due to shear 
failure in the fasteners while all the other specimens fai led due to bearing in FRP 
laminates around the fasteners holes. The deviation between the experimental results and 
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Figure 3. 1 5: The Load-Deflection Curves of the 1 800S Specimen 
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3.5 Conclusions 
This chapter reports on fin ite element model ing of composite steel-FRP beams. 
The finite element pred ictions for several composite steel-FRP beams are compared to 
their  experimental counterparts. Al l  comparisons show excel lent agreements with the FE 
resu l ts for behav ior of composite beams dominated by bearing fai lure at the steel-FRP 
interface. This val idates the accuracy of the developed finite element model and confirms 
i ts re l iabi l ity to be used in performing in-depth e lasto-plastic flexural studies reported in 
Chapter 4 .  
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Table 3 .3 shows a summary of the comparison between the FE predictions and the 
experimental results. The yielding and ultimate loads are both reported and the 
percentage error is calculated. It is c lear that the FE results show an excel lent agreement 
with the experimental measurements with a maximum error not e ceeding 2.6%. This 
conclusion does not however apply to the 1 200D specimen as its response is dominated 
by shear fai lure in the fasteners which is not incorporated in the adopted finite element 
model.  
Table 3.3 :  Comparison Between the FE Mode l and The Experimental Results of teel­
FRP Beams 
1 72.0 2.0% 1 1 4.0 1 1 7.0 2.6% 
1 88.0 1 .5% 1 1 8.0 1 20.0 1 .7% 
* % /). = (Exp. - FE)/(FE)%. 
* * Yielding load is estimated at the point of significant change in the load-deflection 
slope as shown in Fig. 3 . 1 2 . 
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is always real ized in real l ife appl ications. In order to understand the improvement of the 
mechanical behavior of trad itional steel beams when strengthened with FRP laminates, it 
is es ential to estimate the internal shear forces induced in the fasteners and the 
corre pond ing relative s l ip at the steel-FRP interface. The work presented in this chapter 
aim at the understand ing of the mechanical behavior of partial composite steel -FRP 
beams under the effect of m id-span point load. 
4. 1 . 1  Fully Com posite Beams 
The class ical Euler-Bernoul l i  elastic beam theory assumes that "any plane cross-
section remains plane after deformation" (i .e., no relative slip occurs between layers of 
the cross-section). This assumption simplifies the prediction of the mechanical behavior 
of any e lastic composite beam wh ich is termed as fully-composite. In this case, the shear 
force generated in any fastener connecting the components of a typical elastic ful ly-
composite steel-FRP beam (Fig. 4. 1 )  can be estimated as: 
v s  
Flas/ener = -r p = I P 
where 
shear force i n  the fastener 
"t: longitudinal shear flow between the steel beam and FRP laminate 
V: shear force in the composite beam's cross-section 
(4. 1 )  
s: first moment of area of the steel beam cross-section about the centroid axis of the 
transformed steel-FRP section shown in Fig 4.2.  Transforming the FRP area to its 
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CHAPTER 4 
MECHANICAL BEHAVIOR AND PARAMETRIC 
STUDY OF STEEL-FRP BEAMS 
4. 1 I ntroduction 
In a typical mechanically fastened steel-FRP composite beam sy tern the 
fasteners connect different longitudinal components of the system to ensure that the 
different layers at any cross-section work together to withstand bending moments and 
shear forces developed in the beam due to the appl ied loads. The fasteners in this type of 
composite beams carry the shear forces that develop at the interface between steel beam 
and FRP laminate. Therefore, it is anticipated that the mechanical behavior of such beam 
depends mainly on the magnitude of the shear forces induced in the fasteners. In other 
words, the degree of composite action ( i .e., amount of strain compatibi l ity between the 
connected steel flange and FRP laminates at the location of the fasteners) is influenced by 
the shear forces in the fasteners. If no relative sl ip exists between the steel and FRP at the 
interface, the steel-FRP system is said to have full-composite action otherwise partial­
composite action exists where relative sl ip, smal l  or large, occurs at the steel-FRP 
interface. 
Although a steel-FRP beam with ful l -composite action IS the target of any 
designer because of its h igher strength and stiffness, there is no guarantee to achieve it 
within practical and economical design constraints. Therefore, a partial composite system 
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Steel Beam 
(a) Original Cross-Section 
Steel Beam 
Trksformed FRP 
Transformed Area = (Efrp / E,) � 
(b) Transformed Cross-Section 
Figure 4.2: Original and Transformed Steel-FRP Cross-Section 
If the equi l ibrium of the steel beam is studied separate ly from the FRP laminate 
(Fig.  4.3), it is obvious that the shear forces developed in the fasteners create a bending 
moment in the steel beam that counteracts the bending moment d ue to appl ied load. In 
other words, the bending moment carried by the steel beam becomes less than the 
bending moment due to the appl ied load. The difference between the formerly mentioned 
bending moment values is carried internal ly by the developed compression in steel beam 
and tension in the FRP laminate. This is the main source of the strengthening effect when 
FRP laminate is fastened to the steel beam (Fig. 4.3) .  
It  is also important to note that the ratio between the e lastic modulus of FRP ( i .e. ,  
Efrp) and the modulus of steel ( i .e . ,  Es) affects the contribution of  the FRP to the load-
carrying capacity of the composite beam. If the FRP modulus is s ign ificantly less than 
that of the steel, the FRP laminate is not expected to contribute significantly in carrying 
the loads unti l the extreme fibers of the steel section starts to yield .  I n  such a case, 
negl igible additional resistance is provided by the yielded bottom steel flange while the 
FRP laminate, which is sti l l  elastic, becomes more efficient in carry ing the tensile 
stresses. On the other hand, significant contribution of  the FRP could be attai ned, even 
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equivalent steel area is achieved by multiplying the area of FRP b the ratio of its 
elastic modulus Efrp. relative to the elastic modulus of steel Es i .e . ,  Efrp / E5). 
I: moment of inertia of the transfonned steel-FRP cross-section 
p: pitch of the fasteners (spacing between fasteners) 
Equation 4. 1 shows that the shear force F/Clltener in any fastener i proportional t 
the shear force V developed in the ful ly-composite beam at the location of the fa tener 
under consideration. Therefore, the distribution of the shear forces in the fastener 
typically matches that of the shearing force along the beam. For example, in the case of  
ful ly composite steel-FRP beam under three-point loading scheme, the shear forces in  al l 
the fasteners are constant in magnitude and their d irections are as shown in Fig. 4. l .  
Load 
Steel Beam 
�I I .. 
?=pitch ?=pitch F'RP Lamjnate 
Sbear V 
Load 
I I I I I I i I I I I �'T�,ro I I -;-+ - - - - - - - - - - - - -
- - - - - - -
FRP Laminate 
Figure 4. 1 :  Shear Forces in Fasteners of a Typical Steel-FRP Composite Beam 
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4. 1 .2 Pa rtially Composite Beams 
The estimation of the shear forces in the fasteners of a partially composite steel ­
FRP beam is  typically the key to an efficient structural design of such beams. These shear 
forces are typical ly related to the interfacial sl ip between the steel and the FRP at the 
fa teners. Figure 4 .4 shows the longitudinal deformations Us and ufrp in both the steel and 
the FRP at the fastener locations, respectively. The s l ip is defined by the difference 
between these two longitudinal translations ( i .e . ,  slip = Us - ufrp). Figure 4.5 shows the 
sl ip as obtained in the experimental work of Alhadid (20 I I ) . 
To simu late the sl ip between the steel and the FRP in a typical elastic partial ly 
composite beam, the fasteners are typically approximated by elastic springs of constant . 
st iffness magnitude [Karam ( 1 992), Elsayed et al. (2005), Achi l l ides et al. (2006), 
Punmia et al. (2007), Girharnmar and Pan (2007)] .  Such spring stiffness depends on 
many factors incl uding the stiffness of both the steel bottom flange and the FRP laminate, 
amount of bearing deformation per unit shear load at the fastener hole, and fastener type 
and d iameter A lhadid (20 ] 1 ). 
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before yielding of the steel section ( i .e., when steel is sti l l  elastic) if the elasti modulu 
of the FRP is close-to or higher than that of the steel ection. An example of that i the 
case of ultra-high modulus FRP with tensile modulus of 440 GPa or m re, h ich i mu h 
higher than the typical steel s modulus of about 200 GPa. 
Bending Moment in Steel Beam 
due Lo Applied Load and Shear 
Forces in Fasteners 
Total Bending Moment in 
Steel-FRP Beam 
dut to Applied Load 
- - , - - - - - - - - - - - - -Bending Moment in Steel Beam 
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Bottom Steel Flange 
FRP Laminate 
Figure 4.6: Spring Model of Fasteners in the Steel-FRP Composite Beam 
I 
, 






Figure 4.7:  S lope of a Simply Supported Beam Under Three-Point Loading 
66 
Load 
I I I ' , , , , �l]= OI I t=U' 1 , I -. -. -. -. -. -. -. -. - - - - - - - -
F, Fz F, - - - - - - - - -. -. -. -. -. -. -. -.  
I I I I I I I 





a) Physical Sl ip [Alhadid (20 1 1 )] 
Before 
Loading 
b) Sketch of Slip 
I Slip 
Figure 4.5 : Physical Defmition of the Slip in  a Typical Steel-FRP Connection 
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of the points at the bottom flange, increases as the x-coord inate increases towards the 
support. 
Meanwhi le, the defonnations in the FRP lam inate, ufrp, at the locations of the 
fasteners are d irectly proportional to the shear forces transmitted from the steel beam to 
the FRP laminate through the fasteners. For the steel-FRP beam shown in F ig. 4.4 (steel-
FRP beam under three-point loading) , the defonnation at the [.til fastener is defmed by: 
( I J )=. ufrp = L FJ x) E frp A frp )�I (4.4) 
where Xl is the x-coord inate of the /1 fastener measured from m id-span, Fj is the shear 
force in the jth fastener, Efrp is the Young's modulus of the FRP material, and Afrp is the 
cross-sectional area of the F RP laminate. 
4. 1 .3 Distribution of the Shear Forces in  Fasteners 
As discussed before, a main task i n  analyzing any steel -FRP composite beam is to 
assess the distribution of  the shear forces in  the connecting fasteners. Although this task 
is essential, it is sti l l  d ifficult to achieve as it needs sophisticated calculations through 
d igital computers and the use of special software (e.g., ANSYS which uses the Fin ite 
E lement Method) .  Two extreme cases, where the calculation of such distribution is 
re latively simple, are worth the d iscussion to help in understanding the general behavior 
of the steel-FRP composite beams. The flrst case corresponds to a ful l  composite action 
where the stiffness of the equivalent springs of the fasteners is very h igh (or theoretical ly 
infmity). In  this case, the distribution of the fasteners' shear forces fol lows the same 
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Figure 4.6 shows a simple spring model that is presented to help in identifying the 
factors that affect the distribution of shear forces in the fasteners. It is clear that the hear 
force in each spring i l l  de elop due to the s l ip (or relati e longitud inal rna ement) 
between two points; one on the bottom steel flange (point A) and the other on the FRP 
lam inate (point B)  as presented in  Fig. 4.6. It is imperative that the longitudinal 
movement of the point on the steel flange is d irectly proportional to the counterclockwi e 
rotation, e ,  of the steel beam (or slope of the deformed beam relative to its initial 
unreformed geometry) at that point as presented in Fig. 4.7. In other words, the 
longitudinal movement of point (A) on the steel is defmed by ( e  h 1 2), where H is the 
total height of the steel section. For example, the slope of a simply upported elastic 
beam under symmetrical three-point loading shown in Fig. 4.7, is defined by: 
e = F L x  (1 -�) 
4El L 
F L2 e = -­max 1 6 E 1  
at the zone defined by (0 .:s x ::S  L 1 2) 
at the support ( i .e . ,  x = L 1 2) 
(4 .2) 
(4 .3) 
where E is the Young's modulus of the beam's  material, 1 is the cross-sectional moment 
of inertia, and L is the span of the beam. For the case of steel -FRP composite beam, the 
value of the term "E F' is a function of the degree of composite action (or the stiffness of 
the fastener spring). For the case of ful ly composite action, the term "E f' is obtained 
from the transformed section (based on Fig. 4.2) while for the case of no composite 
action, th is term is calculated for the steel cross-section only ( i .e., ignoring the FRP) . 
Equation 4.2 shows that the beam's  s lope, and consequently the longitud inal translations 
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As d iscussed in  Chapter 3, the FE model developed for this study is intended to 
simulate the flexural behavior of the steel-FRP composite beams. Therefore, steel 
st i ffeners are added at the locations of stress concentration ( i .e., at mid-span load and 
supports) to prevent local buckl ing. Additional ly, lateral supports are employed at two 
locations along the span of the beams to prevent lateral torsional buckl ing. With these 
constraints, it is ensured that the mechanical behav ior of any beam is dominated by its 
flexural behavior. As shown earlier by experimental research studies on flexural behavior 
steel and RC beam strengthened by mechanical ly fastened FRP [Alhadid (20 1 1 ), 
Nardone et al. (20 1 1 ), Ebead (20 1 1 ), and Lee et al. (2009)] four domi nant fai l ure modes 
have been observed. These are ( I )  bearing in fastener holes in the FRP laminate, (2) shear 
fai lure in the fasteners, (3) tensi le rupture in the F RP, and (4) flexural fai lure in the 
orig inal beam (crushing in the RC beam or yield i ng in the steel beam). The FE model is 
capable of model ing the effect of bearing in fastener holes (embedded in the load-s l ip  
model  as d iscussed earl ier in  Chapter 3 ,  Fig. 3 .4)  and yielding in the cross-section of the 
steel beam (embedded i n  the e lasto-plastic behavior of the steel material) .  The remaining 
two fai lure modes are identified by monitoring the longitudinal stresses in  the FRP 
laminate and the shear force in each fastener at each loading step. Once these stresses or 
forces reach their maximum l imiting values, fai lure of the composite beam is  assumed 
and the analysis is tenn inated. More detai ls  about this issue is introduced within the 
context of the work presented in this chapter. 
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d istribution of the beam's shear force d iagram as discussed ear lier in  e tion 4. 1 . 1 .  The 
other extreme case is when there is negl igible or no composite action i .e . ,  \\ hen the 
spring stiffuess is very smal l or theoretica l !  zero). In such case, the fastene ' hear 
forces become ery smal l with a distribution that increases as the fastener location move 
towards the support. The general case of partially composite beams l ie bet\: een the e 
two extreme cases and therefore the distribution of the fasteners' shear forces is e peeted 
to be increasing non l inearly towards the support. 
4.2 Fin ite Element Analysis of Pa rtial ly Com posite Steel-FRP Beams 
A numerical study using the Finite Element Method (FEM) i s  carried out to 
explore the effects of the different geometrical and/or material parameters on the 
behavior of the considered partial composite beams. The numerical study is composed of 
two phases. The first phase is conducted in the context of the experimental study 
performed by Alhadid (20 1 1 )  to shed more l ight into the experimental results and explain 
them in view of the FE results. Besides, other steel-FRP beams with d ifferent fastener 
stiffuess and FRP lengths are considered. 
The second phase considers three hypothetical case stud ies of simply supported 
partia l ly composite steel-FRP beams having span of 7.0 m each. The beams are assumed 
to have different cross-sections dimensions which are intentionally selected to provide 
the very c lose plastic modulus Z:a to represent three equal ly possible flexural designs for 
the same appl ied bend ing moment. 
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Table 4. 1 shows a summary of the tested beams along with the different characteristics 
related to the FRP laminates and the fasteners used. The load-deflection curves of the 
considered beams have been already shown in Chapter 3 . 
Table 4. 1 :  Main Experimental Outcomes of  Alhadid (20 1 1 )  Experimental Study 
S pec i men FRP F R P  Experi m ental  Results 
1 0 *  I No of t h ic k ness length Py My Pu 
Spec imens ( m m )* *  ( m m )  (kN) (kN.m) (leN) 
Control 1 3  N/A 1 1 0.0 75.6 1 44.0 
2200S / 2  3 . 1 75 2200 1 1 7.0 80.4 1 72.0 
1 8005 / 2  3 . 1 75 1 800 1 1 2.0 77.0 1 68.0 
1 200S / 2  3 . 1 75 1 200 1 1 2.0 77.0 1 60.0 
22000 / 1 6.350 2200 1 20.0 82.5 1 88.0 
1 200 0 I 1 6.350 1 200 1 1 4.0 78.4 1 46.0 
* S refers to single F RP  laminate while D refers to double FRP laminate 
* *  The thickness of each FRP layer is 3 . 1 75 mm 
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(a) Steel-FRP Short Connection (b) Steel-FRP Long Connect ion 
Figure 4.8: Typical Specimens for Testing Direct Shear in Steel-FRP Connections [After 
A lhadid (20 1 1 )] 
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4.3 Pa rametric Study - Phase I 
4.3.1  Brief Description of A lhadid's Experimental tudy 
Recently A lhadid (200 1 )  conducted an experimental tud that aimed at 
exploring the flexural behavior of I-shaped steel beams strengthened ith mechani al l 
fastened FRP laminates. The study included two main phases. The first phase of 
Alhadid's study targeted testing various configurations of lap steel-FRP connection lfl 
direct shear setups (Fig. 4.8) whose experimental load-sl ip  results were used to develop a 
mathematical model capable of describing the interfacial load-slip behavior of the teel­
FRP connections. In the second phase, eight steel I-shaped beams strengthened with 
mechanical ly fastened FRP laminates of different lengths and thicknesses (Fig. 4.9) were 
tested in 3-point loading setup ( i .e., with mid-span load). In addition, three steel beams 
(with no FRP) have been tested and used as control specimens. The same steel section 
DB 203x1 02x23, was used in a l l  of the tested beams with total length of 3000 mrn and 
simply supported span of 2750 mm. Strain gages were used to measure the strain at 
different locations of the steel section and the FRP laminates, while a l inear variable 
d isplacement transducer (L VDT) was used to measure the deflection at the mid-span of 
the beams where the point load is appl ied. Steel stiffeners, 1 2  rnrn thick, were welded to 
each beam around the m id-span and at the supports to prevent local buckl ing, while 
lateral supports were used at two points along the span to prevent the lateral torsional 
buckl ing. The experimental mid-span load-deflection results were used to describe and 
compare the behavior of the different steel-FRP beams with different FRP laminate 
lengths, thicknesses and fasteners' arrangement. 
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i nsufficient number of  fasteners started with some bearing defonnations in  the FRP 
and then fai led in a brittle manner by sudden shear fai lure in the fasteners. 
• Increasing the thickness and length of FRP laminates resu lted in a sl ight 
improvement in the yield moment ( i .e. ,  moment at first yield in the steel section) in 
the range of 1 .8% to 9. 1 %. Meanwhi le, the resu lts showed significant enhancement 
in the ultimate flexural capacity of the strengthened beams (between 1 1 . 1  % to 
30.6%). 
• The add ition of the fastened F RP laminates at the bottom flange of the steel beam 
delays yield ing of the steel bottom flange relative to yielding of the upper flange. 
• The contribution of the FRP lam inate becomes noticeabl e  after the in itiation of 
yielding of the bottom steel flange at which point the elastic stress-strain modulus of 
the F RP becomes h igher than the post-yield modulus of steel .  
Although the experimental approach i n  studying the mechanical behavior o f  the 
composite Steel-FRP beams would be more real istic, unfortunately, it is more expensive 
and can be only adopted for a l im ited number of cases or specimens. This means that 
only few parameters can be investigated. In addition, experimental measurements are 
l imited to deflections and strains at speci fic locations, which may not be sufficient to 
fu l ly understand the mechanical  behavior of the considered beams.  On the contrary, using 
the [mite element method enables est imating quantities that are d ifficult or impossible to 
measure experimenta l ly such as the stress d istribution in  the FRP laminate and forces in  
the fasteners. The finite element model developed for th is  purpose was discussed and 
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Figu re 4.9: Typical Steel -FRP Specimen for 3 -Point Loading Setup [After Alhadid 
(20 1 1 )] 
The main observations of Albadid 's experimental study are summarized as fol lows: 
" 
• When a sufficient number of fasteners was used, the strengthened beams exhibited 
ducti le failure mode accompanied by bearing deformations at the fasteners holes in 
the FRP laminate. On the contrary, the response of the strengthened beams with 
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0" (MPa) 
(; = (FTI E) f = 0.0136 1 
E = 1 90000 MPn 
E, = 0.03EMPn 
3 4 
f = (0.0 1361 + 941E,) 
Figu re 4. 1 0 :  Material Model Used to Simulate Uniaxial  Stress-Strain Behavior of Steel 
[After Alhadid (20 1 1 )] 
FRP Material 
The FRP was modeled as a l inear elastic material with d ifferent characteristics in 
the different working directions ( i .e., along axes X, Y, and Z shown in F ig. 4 .9). The 
elastic modulus, shear modulus and Poisson 's ratio values are provided in  Table 4.2 
[Kachlakev and McCurry (2000)]. 
Table 4.2 : Material Properties of the FRP Laminates [After A lhadid (20 1 1 )] 
Elastic Modulus  Poisson 's Shear Modulus 
(MPa) Ratio ( MPa) 
Ex = 4800 Vxy = 0.3 Gxy = 1 967 
Ey = 4800 Vn = 0.22 Gn = 3270 
Ez = 62 1 90 Vyz = 0.22 Gyz = 3270 
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val idated against the main experimental results obtained b A lhadid (20 1 1 )  pre nted 
in Chapter 3 . For completeness and c larity of each chapter the model w i l l  b briefly 
described in the fol lowing section. 
4.3.2 Description of the Fin ite E lement Model 
The three-dimensional (3D) finite element modeling of the steel -FRP beam 
conducted using the general purpose fmjte element software package A SY (20 1 1 ). 
The mechanical properties of the materials used in  the model are selected in  accordance 
with the real material properties reported by Alhadid (20 1 1 ). Different types of finite 
elements, and suitable boundary conditions are used to accurate ly simulate the 
mechanical behavior of the steel-FRP beams under consideration. 
4.3.3 Material Properties 
Steel Material 
Figure 4. 1 0 shows the materjal model adapted to simulate the real behavior of the 
steel material . The steel material is assumed to be elasto-plastic with yield stress of Fy = 
335 MPa with a multi-l inear isotropic hardening that has in itial elastic Young's  modulus 
E = 1 90,000 M Pa, and strain hardening modulus E/ = 0.03 E. These values have been 
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Figure 4. 1 1 :  Load-Sl ip  Model of the 6-rrun Diameter Fastener in 3 . 1 7S-mm Th ick FRP 
Lam inate [After A lhad id (20 1 1 )] 
Figure 4. 1 2 :  2-Node 3 D  Link (or Spring) E lement COMB INE39 [ANSYS (20 1 1 )] 
43.4 Type of Elements and Mesh Size 
The 8-node sol id element, SOLID45, in ANSYS (Fig. 4 . 1 3) is  used to model both 
the steel beam and F RP laminates. Each node in the e lement has three translational 
degrees of freedom in the Cartesian X, Y,  and Z directions. The e lement is capable of 
model ing large deformations and large strains in  addition to material nonlinearities. 
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Fasteners Load-S/ip Model 
ANSYS's  multi- l inear unidirectional l i nk (or pring) element. CO fBJ:-.'39, i 
used to simu late the nonl inear load-sl ip  beha lOr of the fastener in th beam ' 
longitudinal direction ( i .e., Z-direction). Figure 4. 1 1  shO\ s the load-sl ip re lation hip of a 
typical 6-mm diameter fastener and FRP width and thickness of 1 00 mm and 3 . 1 75 mm, 
respectively, as given by Alhadid (20 1 1 ). The curve shows that the for e carried by the 
fastener depends on the relative sl ip between the steel and the FRP. This load- lip model 
is implemented in the FE model in the Z-direction at the location of the fastener. Thi 
element is defined by two coincident nodes (Fig. 4. 1 2) and a Cartesian direction is added 
as a property of the element. One of these two nodes should l ie on the steel flange and the 
other node is on the FRP laminate. It is important to note that the FE mesh of the lower 
steel flange shou ld not essentially match the FE mesh of the FRP laminate; but their 
nodes at the location of the fasteners should exactly coincide in coordinates. 
Another very stiff elastic spring is added along the Y -d irection such that no 
penetration takes place between the FRP laminate and the steel section. A s imi lar stiff 
elastic spring is also added along the transverse direction ( i .e . ,  X-<iirection) since it is not 
contributing sign ificantly in carrying any loads. 
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4.3.5 Element Sizes and FE Mesh 
The steel-FRP cross-section was meshed by SOLID45 e lements with side-length 
in the X- and Y-d irect ions that does not exceed twice the thickness of the web as shown 
in Fig.4. 1 5 . The s ide-length of the element in the Z-d i rection is set to be less than four 
t imes the element's  size in the other two d i rections ( i .e., X- and Y-directions) (Fig. 4. 1 6) .  
The final  mentioned element sizes are real ized after reaching a d ifference in the results 
between any two consecutive mesh refinements that does not exceed 2%. 
Figure 4. 1 5: Typical Mesh of the Cross-Section of the Steel-FRP Beam 
Figure 4. 1 6 :  Typical Mesh Size in the Longitudinal Direction of the Steel-FRP Beam 
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Figure 4. 1 3 :  8-Node 3D Structural o l id  Element SOLID45 [A Y (20 1 1 )] 
The 4-node 3 D  shell  element, SHELLI8I, is used to simulate the tifIeners at the 
location of h igh stress concentration at the supports and at the loading point at the mid 
span . The shel l  element is suitable for analyzing thin to moderate ly-thick shel l  structures. 
Each node has six degrees of freedom; translations in the X, Y, and Z-directions and 









Figure 4.1 4: 4-Node 3D Structural Shel l E lement SHELL 1 8 1  [ANSYS (20 1 1 )] 
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Beams with vanous geometrical parameters are analyzed under mid-span 
concentrated load. In spite of the symmetrical geometry and load of the problem which 
suggest modeling one half of the beam, a full mode l of the beam is required. This fu l l  
model i s  required to simu late the phenomena o f  warping o f  the cross-section around the 
Z-axis and asymmetrical torsional buckl ing around the X-axis. 
4.3.7 Comparison Between FE Resul ts and A1hadid's Experimental Findings 
In the case of partially composite beam under consideration, the shear forces in a 
fastener are directly re lated to the amount of s l ip between the bottom steel flange and 
FRP laminate and on the fastener's spring stiffuess. In addition, the amount of sl ip 
depends on the spring's stiffness relative to the tensi le  stiffness of the FRP laminate and 
steel flange. The FE model, described earl ier in Chapter 3 and briefly in this chapter, is 
used to analyze the different steel-FRP beams that has been tested by A lhadid (20 1 1 )  and 
l isted in Table 4 . 1 .  The comparison between the experimental and numerical ly obtained 
load-deflection behavior of such beams has been d iscussed in Chapter 3 in the context of  
the verification of  the FE model .  I t  i s  shoWT} that the FE model is capable of capturing the 
mechanical behavior of such beams with very good accuracy. 
The shear forces in the fasteners and the longitudinal tensile stresses in the FRP 
laminate, which were not measured experimenta l ly by A lhadid (20 1 1 ), are the main 
scope of the numerical study reported in this section. 
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4.3.6 Bou ndary Condition and Load Application 
Figure 4. 1 7  sho\ s the general geometr) of the compo ite teel-FRP b am with i 
appl ied boundary conditions. The beam i rol ler supported at it I ft and right end . in e 
the beam may be symmetrical or asymmetrical after deformation, the tran lati n in the 
longitud inal d irection U= are restrained at the bottom nodes of the bottom teel flange at 
the mid span. Stiffeners are added at both ends and clo e to the mid pan of the beam to 
el iminate the local buckl ing that may happen due to the stre concentration at the 
loading and reaction points. To ensure that the beams wi l l  ha e no lateral tor ional 
buckl ing the beam was symmetrically braced in at different location ( i .e., Ux = 0) along 
the beam as shown in Fig. 4. 1 7. Meanwhi le, the rest of the node are left unr trained 
against any kind of deformation. 
Rol ler support 
[ ilx = 0 (at discrete 
locations) 
, �  - .... , \ 
upport 
Figure 4. 1 7: Boundary Condition for a Typical Composite Steel -FRP Beam 
(Symmetrical Lateral Supports are Shown for the Left-Side of the Beam On ly) 
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1 00,000 Imm). The value of 2,678 Imm repre ents the alue of  the fa teners' modulu 
used by Alhadid (20 1 1 )  while the other values represent d ifferent levels  of  the composite 
actions where the value of 1 00,000 N/mm is assumed to represent the fu l l  composite 
action. Under the effect of this particular m id-span load and for a fu l ly composite steel­
FRP beam, the shear force in each fastener, calcu lated as per Eq . 4 . 1 ,  is 903 .3 N.  Some 
general observations for the e last ic behavior of steel-FRP beams can be obtained from 
Figs. 4. 1 9  to 4.2 1 as fol lows: 
• Figures 4. 1 9  and 4.20 reveal that zero re lative s l ip  occurs at the m id span, due to 
symmetry, lead ing to very smal l  shear forces in the nearby fasteners. Th is sl ip 
increases gradual ly as a result of  the increase in the slope of  the deformed steel beam 
and approaches its maximum value at the fasteners c lose to the edges of FRP 
laminate. Th is trend has been observed for all the beams with d i fferent FRP lengths. 
• In F igs. 4. 1 9  and 4.20, as the length of  the FRP decreases (e.g., beam 1 200S), and 
consequently the number of fasteners decreases, the shear forces in the fasteners 
increases, even above the value 903 .3 N that corresponds to the fu l ly composite case. 
This is attributed to the need to d istribute the maximum tensi le force in the FRP at the 
m id-span on the total number of fasteners. On the contrary, as the length of the FRP 
increases (e.g. beam 2750S) , lead ing to a h igher number of fasteners, the maximum 
shear force in the fasteners near to the FRP edge approaches a constant value and the 
distribution fo l lows the shape of the beam ' s  shear force diagram . 
• Comparing the d i stributions shown in F igs. 4 . 1 9  and 4 .20, it i s  c lear that increasing 




At small  mid-span loading, the fasteners and the steel and FRP mat rial b ha\ e 
elastical ly. In this case the fastener s spring tiffne modulu , K, take th \alue of 
2,678 fmm that fol lows the s lope of the initial branch of the pring' load- l ip  
relationsh ip shown in Fig .  4. 1 1 .  Several steel-FRP beams ha e been analyzed using th 
FEM .  The beams are denoted as 1 200 , 1 800 , 2200 , and 2750 where refers to a 
single FRP layer of 3 . 1 75-mm thick and 1 200, 1 800, 2200 and 2750 refer to the different 
lengths of the FRP laminate. F igure 4. 1 8  shows a sample layout of the fastener in beam 
1 200S, where the longitudinal pitch and edge distance are kept as 1 00-mm and 50-mm, 
respectively. 
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1 375 mm 
Figure 4 . 1 8 :  Sample Bottom View of 1 200S Beam Showing the Typical Fasteners' Pitch 
and Edge Distance 
The results of the FE analyses are presented in F igs. 4 . 1 9  to 4.2 1 .  The figures 
show the distribution of shear forces in the fasteners at the loading of 75.0 kN for 
different FRP lengths (44%, 65%, 80% and 1 00% of the beam's span) and different 



















Distance from mid-span (mm) 
1500 
Fig u re 4.2 1 :  Forces in Fasteners of 2 750S Steel-FRP Beam Under a Mid-span Load of 
75.0 kN and Different Spring Modu l i  in (N/mm) 
• Figure 4 .2 1 shows that for beam 2750S ( i .e. ,  FRP covers the ful l  length of the steel 
beam) and as the fastener st i ffuess increases, the maximum shear forces in the 
fasteners increases and approaches the extreme value of 903 .3 N that corresponds to 
the case of the ful ly  composite steel-FRP beam . In add ition, the distribution tends to 
fol low the shape of the shear force d iagram of the beam espec ial ly  for h igh stiffness 
of fasteners. 
• To assess the level of composite action of any part ial ly com posite stee l -FRP beam, it 
is  reasonable to compare the sum of the developed shear forces in the fasteners 
located in the half m id-span of the partial composite steel-FRP beam (e.g., K=2,678 
N/mm) with their counterpart of the nearly fu l l  composite case ( i .e., K= 1 00,000 
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p 
forces in the fasteners. e pec ial l)'  for hart FRP lam inate . It i al lear that the 
shear force in the edge fastener approache 903 .3.  that carre p nd t the ful l  
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Figure 4.20: Force in Fasteners for a Mid- pan Load of 75 .0 kN and pri ng Modulu of 
1 00,000 N/mm 
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Figu re 4.22 :  Level o f  Composite Action in D ifferent Beams Due to a Mid-span Load of 
75 kN 
Elasto-Plastic Beh avior 
Figures 4 .23a and 4 .23b show contour p lots of  the Von M ises equivalent stresses 
in the 1 200S beam due to m id-span loads of 1 20 kN and 1 60 kN, respectively. The 
figures show zones around the m id-span where the Von Mises stresses have reached the 
l im it ing yield value. It can be noticed that the zone en larges and extends towards the 
support as the m id-span load increases from 1 20 kN to 1 60 kN. Figure 4.24 shows the 
propagation of  the p lasticity in a the composite beam 2200D at d ifferent load levels. It is 
c lear that the p lastic ity in  the top flange is  more spread than the bottom flange due to the 
add ition of the F RP lam inate. 
To shed more l ight on the e lasto-plastic behavior, FE analyses have been 
cond ucted for com pos ite steel-FRP beam s with d i fferent lengths of the F R P  l a m i n ate and 
d i fferent p itch sizes between the fasteners. Unless otherwise noted, the default 
88  
p 
mm . Perfonning such simple compari on for the beam LOO gh. e an inde f 
the Ie el of composite action 'fIcomp '" hich is calculated as: 
sum of fasteners' shear forces for K = 2,678 
\fJ romp = sum of fasteners' shear forces for K 
= 
1 00 000 
The low efficiency of the composite action i mainl  due to the mal l  value of the 
e lastic spring st i ffness K relative to the elast ic axial longitudinal t iffne of the tee l 
bottom flange (Es Ajlange I pitch) or that of the FRP lam inate (Efrp Afrp I pitch). 
• Figure 4.22 shows the effect of  the fastener sti ffness, K, on the compo ite action 
inde ( 'fIcomp), for steel-FRP beams with d i fferent FRP lengths; namely 1 200 , 1 800 , 
2200S, and 2750S. The figure shows that as the length of the FRP increa es, the inde, 
of  composite action increases ind icating higher efficiency of the FRP laminate, 
espec ial ly at low fastener stiffness. As the fastener stiffness increa e and become 
very high (e.g., above 20,000 N/mm), the effect of the FRP length becomes les 
sign i  ficant. 
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Fig u re 4.24: Yielded Zones at Different Loading Levels on the 22000 Composite Beam 
Figure 4 .25 shows the forces carried by fasteners in the d ifferent steel -FRP beams 
at d ifferent m id,span load levels .  Four levels of  the m id-span load are considered; namely 
load of  75 leN in the e lastic behavior zone, load at  first y ie ld  in the steel, load of  1 45 leN 
in the post-yield zone, and peak. or u lt imate load . The figure shows that the d istributions 
of  the fasteners' shear force in the e lastic  zone and at fir t yield are sim i lar for each of 
the considered beams with d i fferent FRP lengths. Th is indicates no sign ificant change in 
the mechan ical behavior unt i l  the steel reaches its first yield. On the other hand, the 
figure c learly shows that after fi rst yield there i s  a s i gn i ficant inc rease and change in the 
distribution pattern of the fastener ' hear forces for a l l  of the con idered FRP length . 
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geometrical parameters of the composite beam are defmed by FRP lam inate \\ idth f 
1 00 mm, FRP thickness Ifrp of 3 . 1 75 mm, fastener d iameter of 6 mm, f: tener pit h P f 
1 00 mm and FRP length Lfrp of 850/0 of the pan. The default propertie of the teeL FRP, 
and fasteners are as gi en in Table 4.2 and Figs. 4. 1 0  and 4. 1 1 ,  re pe tivel} . 
- . 08655 7ot . 2 992 0 lot8 . 5 1:: 0 2 2 2 . n ot  0 2 9 6 . 93 7  
3 7 1 . 1 5 
a) Mid-span Load = 1 20 kN 
- . 191 108 a5 . 8Z92 0 17 1 .  '167 0 2 5 7 . 105 0 3 4Z . 71 1  - 4Z 8 . 3 82 
b) Mid-span Load = 1 60 kN 
Fig u re 4.23: Contour Plots of Von Mises Stresses ( in M Pa) Due to a mid-Span Load 
Acting on Beam 1 200S 
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Figu re 4.26: Forces Carried by Fasteners in Steel -FRP Beams at Different Loading 
Levels 
Figure 4 .26 shows the forces carried by fasteners in d ifferent steel -FRP beams at 
d ifferent levels of the m id-span loads. The observed tend in the figure reflects the 
increase in the fa tener ' shear forces in the e last ic range � hen the length of the FRP 
laminate decreases signi ficantly (e.g., case of composite beam 1 200S compared to 
2750S). The is  mainly due to the fact that the tensi le load developed in the F RP is 
distributed over fewer fasteners. As the m id-span load increases, the longitud inal 
92 
This increase starts from the mid-span and spread to\\ ard the upp rt; exa tl) lmi l ar to 
the trend of spread of the p lasticity. 
As discussed earl ier, the s l ip is the d i fference benveen the mo\ ement of  the p int 
at the bottom steel flange relati e to the points on the FRP laminate. It  i imp rtant to 
note that yielding of the steel and the formation of a p lastic hinge at the mid- pan 
significantly  increases the slope of the composite beam leading to a ign ificant m ement 
of the steel points at the fasteners re lative to the FRP points and con equently increa e in 
the s l ip and shear forces in the fasteners is real ized. 
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Figu re 4.25: Forces Carried b} Fasteners i n  Steel - r R P  Beams W ith Di fferent  1 engths of 
FRP Laminate 
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Figure 4.27 shows the experimental load-deflection results at mid-span of the 
composite beam. Tracing the development of the numerical shear forces in the fasteners 
indicate that fai lure of the edge fastener takes place when the induced shear force in the 
fastener reaches the critical value of 1 0 .6 kN. Figure 4.28 shows the d istribution of the 
shear force in the steel fasteners at the experimental peak appl ied load of 1 52 kN. It can 
be een that at this particu lar appl ied load value, the shear force in the edge fastener 
reaches the maximum hear capacity of the fastener (i .e., 1 0 .6 kN). The shear fai lure of 
the edge fastener leads to instantaneous redistribution of the shear forces among the 
remaining fasteners resu lt ing in a progressive shear fai lure of the fasteners and 
consequent ly a complete col lapse of the composite beam. Therefore, a mid-span load of 
1 52 kN represents the max imum load the composite beam can carry before col lapse. 
This explains the premature experimental fai lure of the composite beam 1 200D at an 
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Figure 4.27:  Experimental Load-Deflection Curve of 1 200D Composite B eam at M id-
span [After A lhadid (2007)] 
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mo ements of the steel points around the yie lded zone ( i .e ., m id- pan) and a\\ a) t ,\ ard­
the supports are dom inated b) the increase in the slope of the compo ire beam due to the 
fonnation of p lastic a h inge at the mid-span and therefore the hear force tend to be ome 
constant for the fasteners located away from the mid-span (e.g., for the case of 1 00 
and 2200S, Fig. 4 .26c) .  For long FRP lam inates (e.g., for the ca e of 2750 . F ig. 4.� ). 
the mo ement in the FRP becomes sign ificant and the shear force in the fasteners are 
reduced. 
It is im portant to note thar rhe increa e in the fa tener ' hear for e due to 
yielding in steel may lead to a sudden shear fai lure in some of the fasteners re ulting in a 
subsequent redistribution of the tensi le force in the FRP laminate on the remaining 
fasteners. This may lead to progressive fai lure of the remaining fa tener leading to 
sudden fai lure of the composite beams. Although the FE model used is not capable of  
simulating such shear fai lure in the fasteners, the load at which the first fastener fai l  In 
shear is  sti l l  predictab le. 
To shed more l ight on such behavior, a FE analysis of the previously tested 
composite beam 1 2000 is conducted where two layers of FRP are intentional ly used to 
al low for h igh shear forces in the fasteners. S im i lar to a l l  beam tested by A lhadid 
(20 1 1 ), fasteners used in 1 2000 beam are M6x258 made of h igh tensi le steel C lass 8 .8 
accord ing to OfN I 0 40 1 7  (20 1 1 )  with shear strength of 375 M Pa CBSr 5950- 1 :2000). 
The maximum shear force Fsheor that can be carried by one fastener is est imated as: 
F,h ". = (:) x 62 x 375 = J 0.6 k (4.5) 
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Figure 4.30 pre ent the nonnal stress d istribution across the width of the FRP 
laminate at the m id-span of the composite beam . The two peaks shown in the plot are due 
to the stress concentration around the steel fasteners. It  is important to note that these 
peaks d iffer by about 4% from the average stress. The contour p lot in Fig. 4.3 1 confinns 
the same stress concentration at the location of  the fasteners. 
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Figu re 4.29: Longitudinal Nonnal Stress Distribution in the F RP Lam inate in the 1 2000 
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Fig u re 4.30:  ormal Stress in the Cross-sect ion of  the FRP Lam i n ate Located at the 
M id-span of the 1 2000 Beam at a M id-span Appl ied Load of  1 2 1  kN 
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Figure 4.28:  Distribution of Fasteners' Numerical Shear Forces in 1 200D beam at a M id-
span Load of 1 52 kN 
Stress distribution in the FRP laminate: 
The FRP laminate was modeled as l inear elastic material having an e lastic 
modulus of 62. 1 9  G Pa in its longitudinal d irection. The typical d istribution of the normal 
stress along the longitudinal centerl ine of the FRP laminate in 1 2000 beam due to a mid-
span load of 1 2 1  kN (i .e., after first yield in steel) is shown in Fig. 4.29. The stress 
distribution in the FRP laminate fol lows the same profile of the bending moment in the 
composite beam regardless of the FRP thickness or length . The figure shows that, as 
expected, the maximum stress occurs at the mid-span of the beam. 
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the shear forces in the fasteners lead ing to an inev itable shear fai lure in the fasteners at an 
appl ied load of 1 52 kN (Fig. 4 .28) .  
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Fig u re 4.32: Maximum Longitudinal Stress in the FRP Laminate in the 1 200D Beam at 
Different Loading Stages 
Stress distribution in the steel section: 
The point load acting at the mid-span of  the composite beam produces a 
concentration of stresses around th is  region of  the top flange. Therefore, a location away 
by 1 00 mm from the mid-span is selected to d isplay the normal strain distribution in the 
steel cross-section of beam 2200D at d ifferent loading stages. Figure 4.33 shows that the 
normal strain d istribut ion is l inear in the e lastic range ( i .e., when mid-span load is less 
that fi rst yield load of 1 1 2 .5  kN). The strain d istribution becomes non l inear at load value 
of 1 1 5 .4 kN that exceeds the first yield load . This is mainly due to the geometrical non-
l inearity introduced by the l arge m id -span deformation that s ign i ficant ly  changes the 
in itial geometry of  the beam. F igure 4.33 shows also that at a mid-span load of  1 1 5 .4 kN 
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Figu re 4.3 1 :  Contour P lot of Stress in Z-direct ion in the F RP Lam inate of 1 2000 Beam 
at a Mid-span Load of 1 2 1  leN 
As mentioned earl ier, the dri l lable hybrid FRP lam inates used by Alhad id (20 1 1 ) 
have an e lastic modulus of (62. 1 9  G Pa) which is about one third of the elastic modu lus of  
the steel beam ( 1 90 G Pa). Therefore, the contribution of  the FRP lam inate in improving 
the load-carrying capacity of the strengthened beams is more apparent after the steel 
section exhibits sign ificant yield ing in the bottom flange. Figure 4.32 shows the 
maximum stress in the FRP lam inate ( in the m id- length of the FRP lam inate) at d ifferent 
loading stages in the 1 2000 beam. The vertical l i ne corresponds to a load value of 1 1 2 .5 
kN at which the steel exhibits first yielding at the bottom flange in the mid-span. It is 
obvious that a substantial increase in the normal stress carried by the FRP lam inate take 
p lace directly after yield ing of the steel section associated with a signi ficant increase in 
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4.4 Para metric tudy - P hase I I  
A indicated earl ier, the first phase of the parametric study focused on studying 
the effect of the fastener s sti ffue s and the geometry of the FRP laminate on the 
mechanical behavior of steel-FRP composite beams. In addition to the previously stated 
aspects, the second phase target studying the effect of geometrical and material 
parameter of the steel c ross-section and FRP laminate on the mechanical behavior and 
response of composite beams. Those parameters inc lude the height-to-span ratio of the 
steel beam, the th ickness of FRP laminate, the distribution of the steel fasteners, the 
length of FRP relative to the span of the beam and the e lastic modu lus of the FRP 
laminate. In this phase the same fin ite e lement and material models and boundary 
conditions used earl ier in the first phase are uti l ized . 
4.4 . 1  Description of  Steel Cross-Sections 
Three steel beams with a span of 7000 mm and d i fferent cross-sections are 
considered in the numerical study namely; W8x48, W I 0x39 and W 1 4x30. These three 
sections are selected such that they have very c lose e lastic and p lastic section modu l i  
values ( i .e., Sa and Z=) w ith less than 2% and 3% variation, respective ly, which should 
lead to having very c lose values of the m id-span loads at first and ful l  yield ing of the 
steel cross-section. Table  4 .3  shows the geometrical properties of the three cross-sections 
whi le Fig. 4.34 presents the main parameters defining the geometry of the steel sections. 
1 00 
the neutral a.; is is c learl, sh ifted dov·iTwvard. Th i i expected due to noti eable in rea-e 
in the contribution of the FRP lam inate in cart) ing the load after yielding of teel 1 
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Figure 4.33: The normal strain distribution in the cross-section of the steel beam in 
22000 at 1 00 mm away from the m id-span at d i fferent loading stages 
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yielding and extend to the strain hardening stage as per stress-strain relationship in  Fig.  
4. 1 0. 
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Figure 4.35: Measures Used in the Comparison Between the Mechanical Behaviors of  
the Control and Composite Beams 
The resulting loads at the 1 20 mm deflection and the in itial slopes of the beams' 
load-deflection curves at the mid-span, as defined in Fig. 4.35, are used as indices to 
evaluate the influence of the considered parameters on the mechanical behavior of  
composite steel-FRP beams. These ind ices are defined as 
( Result compOSl/t - Result control ) 
% improvement = % 
Result control 
(4.6) 
where Result is either the init ial  slope of the load-deflection curve or the m id-span load at 
deflection of 1 20 mm. The fol lowing sections consider the effect of each parameter at a 
time whi le  keeping the others parameters u nchanged. 
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Figure 4.34: General Cross-sectional Parameters of the Wide Flange 1- ection 
Table 4.3: Cross-sectional Geometrical Properties of Analyzed Steel Beams (AI 
2005) 
d hI 1/ AI I .. I"" Sa Zxr I Sa - A'�r2ge S ... 1 
I Z ... - .\'�rag. Za I 
Section ( ,eragt Sa )  (A.erage Z .. ) 
(in) (in) (In) ( 102) ( in) (in') (in) ( in� 00 0 0 
Wl4xJO 13.8 6.73 0.385 2.59 0.27 29 1 42 -17.3 102 0.8.\ 
WIOx39 9.92 7.99 0.53 4.23 0.3 1 5  209 42. 1 46.8 0.79 1 . 89 
W8x48 8.5 8. 1 1  0.685 5.56 0.4 1 8.\ 412 49 1 8 1  2.73 
The rest of the geometry is typical ly defined by FRP laminate width of 1 00 mm, 
FRP thickness trrp of 3 . 1 75 mm, fastener diameter of 6 mm, fastener p itch P of 1 00 mm 
and FRP length Lfrp of 85% of the span unless otherwise noted_ The steel ,  FRP, and 
fasteners properties are as defined in Table 4.2, Fig_ 4_ 1 0, and F ig. 4_ 1 1 ,  respectively_ 
The control steel beam and composite stee l-FRP beams are subjected to 
incremental mid-span downward displacement and the corresponding mid-span loads are 
determined. A maximum deflection of about (span / 60 :::: 1 20 mm), is found to be 
enough to create normal stresses in the mid-span steel section that s ignificant ly exceed 
1 0 1  
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Figure 4.36: Percentage Increase in M id-span Load, at 1 20 mm Deflection 
4.4.3 FRP Thickness 
As reported by A lhadid (20 I 1 ), the stee l-FRP interfacial  behavior of the 3 . 1 75-
mm thick STRONG WELL FRP laminate and 6-mm diameter steel bolts, is mainly 
control led by bearing in the FRP laminates. In other words, the load-s l ip  model presented 
in Chapter 3 and in F ig. 4. 1 1  for a s ingle layer of FRP (th ickness of 3 . 1 75-mm) can be 
simply extended to other FRP thicknesses by sca l ing the load by (tfrp / 3 . 1 75). 
In order to examine the influence of FRP thickness on the load-carrying capacity 
of the composite steel-FRP beams, two different FRP thicknesses are considered; namely 
3 . 1 75 mm which corresponds to one layer of FRP and 6 .35 mm that corresponds to two 
FRP layers. The other parameters are kept fixed and the fastener p itch size of 50 mm is 
used to avoid possible shear fai lure in  the fasteners. F igure 4.37 shows the percentage 
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4.4.2 Section Height 
The strengthening effect of increasing the height of the teel cro - ection ( i .e., 
through using the three different cross- ections) i explored \\ hi le keeping oth r 
parameters unchanged. Figure 4.36 shows the improvement in the load-carrying capa it) 
of composite steel-FRP beams relative to the control beam at 1 20 mm mid- pan 
deflection for the three considered cross-sections. The improvement due to increasing the 
steel section height is attributed to two main simultaneous effects. Firstl}, the increa ed 
longitudinal d isplacement of the bottom points in the steel flange at the fastener location . 
This increase is due to having almost the same beam slope e (since x and Z. of the three 
sections are very c lose) that is multiplied by a bigger half-height of the steel cro - ection 
(i .e. , e h I 2) which leads to h igher sl ip and consequently higher shear forces in the 
fasteners. Secondly, the increased moment arm of the shear forces in the fastener 
ampl ifies their bending moments that counteract the effect of the appl ied mid-span load 
(as shown ear l ier in Fig. 4.3). The two effects together significantly reduce the bending 
moment carried by the steel section leading to a better strengthening effect. 
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Figure 4 .38 shows a trend for the in itial s lope of  the load deflection curve which 
is sim i lar to the trend shown for the load-carrying capacity. Th is is mainly due to the 
increase in the cross-sectional moment of inertia of the composite beam with th icker F RP 
lam inates. 
6.0% -r-------------------
'" � 5.0% 
.E "'-
Vi 4 0% t) • 
� 
� 3 .0% 
Q) 
� 2 .0% Q) ... t) c: � 1.0% 
0.0% 
• I F RP Layer 
. 2  FRP Layers 
W8x48 W I 0x39 W 1 4x30 
Fig u re 4.38: Percentage Increase in the In itial S lope of Load-Deflection Curve of 
Composite Beams for One and Two Layers of FRP 
4.4.4 Distribution of the Steel Faste n e rs 
The effect of the fa tener . pitch size (di tance between fasteners) is exam ined in 
th is sect ion . Fastener pitch sizes of 50 mm, 1 00 mm, 1 50 mm and 200 mm and FRP 
th ickness of  6.35 mm are considered whi le  a l l  the other parameters are kept fi xed. F igure 
4.39 shows the percentage increase in the load-carrying capac ity over the control beam 
for d i fferen t  pitch ize at a m id-span deflection of 1 20 mm. In genera l ,  redu c i n g  pitch 
size increases the load-carrying capacity of composite beams. This increase is more 
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increase in the load-carrying capacity 0 er the control beam for the case of one and 1\\1 
layers of FRP lam inates. The figure shows that the contribution of the FRP lam inate 10 
increasing the load-carrying capacity is almost doubled "" hen t",o layer of FRP are u ed. 
This observation is in agreement with the outcomes of phase-I of the tudy and i mainly 
due to the increase in the shear forces in the fasteners in the case of thic\..er FRP laminate 
relative to the case of thinner FRP. This behavior is due to the increa ed lip re u lting 
from two factors; almost unchanged s lope of the composite beam in the 1\\10 case and 
decreased longitudinal movement of the thick (or stiff) FRP laminate at the fastener 
locations. 
16.0 
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Figure 4.37: Percentage Increase in the Load-Carrying Capacity of Composite Beams at 
1 20 mm Mid-span Deflection for One and Two Layers of FRP 
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Figu re 4.40: Effect of Pitch S ize on the S lope of Load-Deflection Curve of Composite 
Beams 
F igure 4.41 show the di tribution of the fa tener ' shear forces for the pitch sizes 
of 50, 1 00. 1 50 and 200 mm for the case of W 1 4x30. It is c lear that fewer fasteners ( i .e. ,  
bigger pitch size), results in h igher shear forces (maximum of 9.92 kN for pitch s ize of 
200 mm and 6.0 kN for 50 mm) which may exceed, in  some situations, the shear strength 
of the fasteners leading to brittle shear fai l ure .  Th is indicates that the pitch s izes 
considered do not affect the overa l l  mechan ical behav ior significantly, but it, ev idently, 
affects the d istribution of the shear forces in the fasteners. 
1 08 
pronounced for deeper steel sections for the ame rea n d i  u e d  i n  ecti n 4 .4� e g 
1 3 .5% increase re lati e to the control beam for W 1 4x30 and pitch ize of  50 mm).  
Reducing the pitch size from 200 mm to 50 mm increa e the impro\ ement in the load-
carrying capacity by about 3 .3% for the beam W 1 4x30. Meanwh i le. the in rease in the 
capacity improvement becomes about 0 .9% for W8x48.  A mall change ( Ie that I %) in 
the improvement is noticed in the initial slope of the load deflection curve a howl1 in 
Fig. 4 .40 which is attributed to the negl igible effect of  changing the number of fa tener 
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Figu re 4.39: Effect of Pitch Size on the Load-Carrying Capac ity of Composite Beams 
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Figure 4.42 : Effect of (Lf/ L) Ratio on the Improvement of Load-Carrying Capacity at 
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Figure 4.43: Effect of (Lf/ L) Ratio on the Initial S lope of Load-Deflection Curve 
Relative to that of Control Beam at 1 20 mm M id-span Deflection (2 Layers of FRP, 
P=50 mm) 
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Figu re 4.4 1 :  Distribution of the Fa tener ' hear Force for Different Pitch 17e in Beam 
W 1 4x30 
4.4.5 FRP Length to Beam Span Ratio 
The effect of the ratio between the length of  the FRP lam inate (Lf) and the span of 
the beam (L) is investigated . Four values of  (Lfl L)  are considered; namel 0.25, 0.45, 
0.65 and 0.85. The pitch s ize of  50 mm and the FRP th ickness of 6 .35 mm are used whi le 
fixing a l l  the other geometrical and material parameters of the compo ite beam . Figure 
4 .42 and 4.43 show the effect of  (Lf I L)  on the percentage improvement in the load-
carrying capacity and in itial slope of the load-deflection curve of  the composite steel-FRP 
beams over the control beam, respectively. At (Lfl L)  = 0.25, Fig. 4 .42 and 4.43 show a 
rate of improvement that decreases as (Lf I L) increases towards 0 .85 .  In general, 
increasing (Lf I L) over 0.65 does not introduce sign ificant improvement in the 
mechan ical behav ior although it d istribute the tensi le force in the FRP lam inate on more 
number of fa tener . 
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assumed that the load-sl ip  model of the steel fasteners (Fig. 4 . 1 1 )  wi l l  not change due to 
the variation of modu lu of elasticity of the FRP material .  This assumption can be 
ju tified in view of the fact that the steel-FRP sl ip depends mainly on the bearing 
deformation in the GFRP layers with very s l ight dependency on the stiffness of the 
sandwiched CFRP layer. 
Figure 4.45 shows the improvement in the load-canying capacity of the 
composite steel-FRP beams over the control beams at mid-span deflection of 1 20 mm for 
the two cases of low modulus (LM-FRP) and ultrahigh modulus (UHM-FRP) FRP 
laminates. In the case of LM-FRP, the percentage increase in load-carrying capacity 
ranges from 6% for the shal low section (W8x48) to 1 4% for the deep section (W I 4x30). 
Meanwhi le, this improvement ranges from 1 4% for W8x48 to 23% for W 1 4x30 in the 
case of U HM-FRP. This is due to the significant increase in the fasteners' shear forces at 
UHM-FRP due to the smal l relative disp lacements in the FRP at the fastener locations. 
The increase in the initial s lope (i.e., in the elastic behavior) of the load-deflection 
curves are depicted in Fig. 4 .46. I t  is  c lear that whi le the LM-FRP has l ittle contribution 
(increasing the initial slope from 3% to 5% for sections W8x48 and W I 4x30, 
respectively) in increasing the e lastic stiffness, the UHM-FRP provides considerably 
higher stiffness (e.g., increasing the initial s lope from 1 5% to 23% over the control beam 
for sections W8x48 and W I4x30, respectively). The increase in the in itial s lope when 
using UHM-FRP is mainly due to the increase in the overal l  stiffness of the composite 
system. 
1 1 2 
The distributions of the fasteners shear forces, for the case of Lf/ L) = 0.25 
through 0.85 at a mid-span deflection of 1 20 mrn, are depicted in F ig. 4.44. The fi!!Ufe 
shows that the shear forces for the case of short FRP laminate (i .e .  Lf/ L) = 0.25) are 
higher than those of the case of long laminate ( i .e .  (Lf L)  = 0.85). In  general, in reasing 
the (Lf/ L) ratio results in reduction in the shear forces induced in the fasteners. Figure 
4.44 impl ies that the shear forces in the fasteners located in the FRP zone extending 
beyond (Lf/ L = 0.65) decrease significantly. This observation, a long with the outcome 
of Figs. 4.42 and 4.43 indicate an optimum length of the FRP laminate (Lf/ L= 0.65) 
after which any increase in the FRP length wi l l  not introduce any significant 
improvement in the behavior. 
10 
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Figure 4.44: Effect Distribution of the Fasteners' Shear Forces for (Lf/ L)=O.25 Through 
0.85 at 1 20 mm Mid-span Deflection 
4.4.6 Young's Modulus of FRP Laminate 
In th is section, low and ultrahigh Young's modul i  of the FRP laminate are 
considered while a l l  other geometrical and material properties are kept unchanged. It is 
I I I  
Figures 4.47, 4.48 and 4 .49 show the load deflection curves of beams W 1 4x30, 
W I 0x39 and W8x48, respectively when strengthened with LM-FRP and UHM-FRP. 
These figures confirm the observations described earl ier as they imply that the beams 
trengthened with UHM-FRP have gained significant increase in their stiffuess and load-
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Figu re 4.47: Response of the W 1 4x30 Beam Strengthened with LM-FRP and UHM-FRP 
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Figure 4.46: Improvement in the Elastic Stiffness of the Composite Steel-FRP Beams for 
LM-FRP and UHM-FRP Laminates 
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4.5 Conclusions 
everal composite steel-FRP beams have been investigated numerically where the 
focu i put on understanding the mechanical behavior of the composite beams along 
with estimating the capacity and stress distribution through the different components of 
the compo ite ystem. The fol lowing items could be concluded from the numerical study: 
1 - The teel beam strengthened with mechanica l ly fastened FRP laminates have a 
ducti le fai lure mode by bearing in the FRP at the location of fasteners if sufficient 
number of teel fasteners and enough length of FRP are used. I nsufficient number of 
steel fasteners wi l l  result in unfavorable britt le fai lure due to shear rupture in the 
fasteners. 
2- The ratio between the elastic modulus of FRP and that of steel affects the 
contribution of the FRP in the load-carrying capacity of the composite beam. I f  the 
FRP modulus is significantly less than that of the steel ,  the FRP laminate does not 
provide sign ificant contribution in carrying the loads except after the steel section 
exhibits s ignificant yield ing at the extreme fibers of the bottom flange. The 
contribution of the FRP is expected to increase and become more s ignificant even 
before yielding of steel if the modul us of FRP is c lose or h igher than that of the steel 
section. 
3- The I -shaped steel beams with larger cross-sectional height exhibit relatively h igh 
contributions of the mechanica l ly  fastened FRP laminates in improving their flexural 
capacities. This is attributed to the increase in developed resisting bending moment 
1 1 6 
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Figure 4.49:  Response of the W8x48 Beam Strengthened with LM-FRP and UlIM-FRP 
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CHAPTER S 
ANALYTICAL ELASTIC SOLUTI ON FOR 
THE RESPONSE OF COMPOSITE STEEL-FRP 
SYSTEMS 
5. 1 I ntroduction 
There are two main structural design phi losophies in current engineering practice; 
the Working tress Design (WSD) and the Limit  State Design (LSD). The WSD method 
requires that stresses in any structural e lement, under normal  service loads, to be less than 
a maximum value defined by the material strength reduced by a factor of safety. 
Additional ly the deflections should not to exceed certain l imi t  to ensure good service to 
the occupants of the structure. On the other hand, the LSD method impl ies that any 
structure should be designed to fu l fi l l  its intended purpose and ensure that certain l i mits 
are not exceeded. Two main important l im i ts are usual ly considered; namely the strength 
and serviceabi l ity l i m it states. To satisfy the strength l imit, the ult imate load-carrying 
capacities of the structural e lements at the state of impending col lapse are analyzed and 
compared to the effects of the expected extreme effects of the loads ( i .e. ,  at u lt imate or 
factored loads). The calculation of the nominal moment capacity is  therefore essential for 
the design of beams. Unfortunately, there is no avai lable analytical method to evaluate 
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in the steel beam due to the increased shear forces in the steel fasteners whose effe t 
is ampl ified by the increase in the section height. 
4- Increasing the thickness of the FRP laminate sign ificantl) improve the load­
carrying capacity of the composite steel-FRP beams but at the ame time in rease 
the shear forces in  the fasteners. 
5- For the considered pitch sizes ( i .e., 200-rnm ::s pitch ::s 50-mm), in reasing the 
number of steel fasteners, or reducing the pitch d istance doe not have ign ificant 
improvement on the load-carrying capacity of the steel-FRP beam. 
6- Increasing the length of FRP laminate beyond (Lf / L = 0.65) does not contribute 
s igni ficantly in enhancing the load-carrying capacity of the composite beam. 
7- In general, for a fixed pitch size any increase in the length of the FRP laminate 
distributes the tensile force in the FRP on more fasteners. This may be required in 
some cases to ensure ductile bearing fai lure ( in the composite beam) and avoid 
brittle shear fai lure in the fasteners. 
8- The experimental ly tested composite steel-FRP beams tend to fai l  by bearing at the 
fasteners' holes in the FRP laminate. At the bearing stage of the FRP laminate, the 
longitudinal carbon fibers exhibit low normal stresses relative to the tensi le strength 
of the FRP laminate. In order to optimize the use of the FRP laminates in 
strengthening steel beams it is recommended to device a way to increase the bearing 
strength of the FRP laminate. 
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5.2 Background 
The analysis of  composite- or  more specifical ly  the partial l y  composite beam 
require the consideration of the interlayer contact and s l ip between its different 
subcomponents. Girhammar and Pan (2007) have studied the mechanical behavior of a 
compo ite beam with interlayer sl ip, made of two subcomponents (referred to as 1 for the 
top subcomponent and 2 for the bottom subcomponent) made of two d ifferent materials 
and connected by an adhesive layer that al lows for interfacial shear and slip at the 
interface between the top and bottom subcomponents (Fig. 5 . 1 ) . 
F = O +-
M V MI( VI .. A +--1 I 1 NI -
, 1 V2 M'(
� l \ 1  
x �14 
VI + dVI M\ +
dMl 
! NI +J1 ) 
s 
V2 + dV2 M2 + dM2 
1 N2 +�2 ) 
dx �I 
M + dM  
1 '\  
- 1 , 
1 I 
V i  
V + dV 
Figu re 5. 1 :  Forces Acting on an Infinitesimal Segment of  a Beam Made of Two 
-. F = O  
Different Subcomponents with Adhesive In-Between (After G irhammar and Pan, 2007) 
Figure 5 . 1  shows an infinitesimal segment of the composite beam, of length dx, 
loaded with a distributed transverse load q(x). The figure shows also the normal forces, 
shear forces, and moments acting on each subcomponent (e.g., NI , VI and MI acting on 
subcomponent 1 and N2, V2, and M2 acting on subcomponent 2) i n  addition to their 
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the nominal moment capacity of steel beams strengthened with mechanical ly fastened 
FRP laminates. 
It is worth pointing out that satisfactory strength performance at ultimate I ad 
does not guarantee satisfactory serviceabil ity performance (e.g., acceptable deflection) at 
normal service loads. Since the adopted strengthening technique u ed in th i study i 
characterized by a considerable reserve of strength in plastic region, this gi e rise to 
excessive deformation which may have undesirable impact on the serviceabi l ity 
considerations. For a structural member such as a steel beam, the mo t important 
serviceabil ity condition is the beam deflection under service loads, where the teel beam 
should not undergo excessive deflection. The deflection due to app l ied service loads i 
typical ly computed under the assumption of linear elastic behavior [Punmia et al. 
(2007)) .  
In this chapter a brief background about the partial interaction theory is  firstly 
presented. Afterwards, the governing equations for the non-composite and the partia l ly 
composite beam found in l iterature, are introduced and used to model the l inear elastic 
behavior of the composite steel-FRP beams under static loading. The solution for the 
deflected shape is then presented fol lowed by the prediction of the first yielding point of 
the composite steel-FRP beams and the d istribution of the shear forces developed in the 
steel fasteners. Final ly, the analytical resu lts wi l l  be used to verify the FE model that was 
developed in chapter 3 to simulate the l inear elastic behavior of the composite steel-FRP 
beams. 
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(5.5) 
The general solution for Eqn.  5.2 is given by G irhammar and Gopu ( 1 993) as: 
(5 .6) 
where at  to a6 are constants that can be evaluated after applying the boundary conditions 
of the composite steel-FRP beam. In addition, the term wps represents the particular 
solution of the differential equation which is a function of the distributed load q(x) and is 
written as :  
fl" [ 2 E I", d2q (s)] [ a) ) . [ 1] w = a q (S ) - -- --2- a(x - s) + -(x - 3) - sinh a(x - s) ds ps aSE I", L-L, E 10 ds 6 2 (5 .7) 
where s is a dummy variable. The bending moment, shear force and axial force in the 
partial ly composite steel-FRP beam, can be evaluated by: 
where 




(5 . 1 0) 
(5 . 1 1 ) 
summations V and M that represent the shear force and moment a ring on the full 
composite beam segment. The slip force Vs is assumed to be unifonn and I related to the 
relative sl ip s through a linear elastic relation hip ha ing a sLip modulu of K per unit 
length. This relation can be written as: 
Vs = K s (5. 1 )  
Girhammar and Pan (2007) have derived the governing differential equation in 
tenns of the vertical downward displacement (or deflection) function w as fol low : 
(5.2) 
where a2 is a parameter that expresses the degree of composite action between the top 
and bottom subcomponents and is found to be proportional to the sl ip modulus K and i 
defined as: 
(5.3) 
where EI , E2, AI and A2 are the Young's moduli and cross-sectional areas of the top and 
bottom beam subcomponents, respectively. In addition, r represents the distance between 
the centroids of the cross-sections of the top and bottom subcomponents, and the tenn 
EIo represents the flexural stiffuess of the non-composite section (i .e., with no interfacial 
shear Vs between the two SUbcomponents) and is given by: 
(5.4) 
The tenn EI", represents flexural stiffuess of the fully composite section (i.e. , with no 
interJayer sl ip) and is defined as: 
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and area) are denoted as Es, Is, and As for the steel beam and Ef, If, and AJ for the FRP 
laminate, respectively. The differential equation governing the behavior of each zone 
along with the corre ponding boundary cond itions are discussed herein. 
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The governing equation is the conventional Euler-Bernoul l i  beam equation defmed by: 
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5.3 Deflection of Composite Steel-FRP Bea ms 
I n  this section the deflection of  a simpl supported compo ite teel -FRP beam, 
subjected to a mid-span point load, is analyzed under the assumption of l inear e lastic 
behavior for the steel and FRP materials and small  deformations scheme. In the first ub­
section, partial composite action theories developed by Girharnmar and Pan (2007), in 
add ition to Euler-Bernoul l i  beam theory, are revisited to deri e the mathematical model 
of the beam's deflection. Knowing that the considered beams in this  study are lender 
with isotropic material across the beam height, which makes the Euler-Bernoul l i  beam 
theory appl icable. An example of deflection calculation is presented for a sample 
composite steel-FRP beam. Appl ication of the analytical model is then explained in sub­
section 5 .3 .2 .  
5.3. 1 Derivation of the Analytical Solution 
Figure 5 .2 shows a typical composite steel-FRP beam made of two 
subcomponents namely; top steel I-shaped beam and bottom FRP laminate. The FRP 
laminate is covering a central portion of the bottom flange of the beam with length Lf 
The beam can be subdivided into two different zones according to the mechanical 
behavior; the steel beam zone A (i .e, with no FRP) and the composite steel-FRP zone B .  
Due to the symmetry of the composite beam, only the left half  is shown in  Fig. 5 .2 .  
According to the figure, zone A is  defined by 0 :s; x :s; (L-Lfll2 while zone B covers the 
region defmed by (L-Lf)/2 :s; x :s; L12. The mechanical and geometrical properties of the 
two different subcomponents (i .e. ,  Young's  modulus, cross-sectional moment of inertia 
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(S . 1 7) 
in which: 
K is the slip modulus 
(S . 1 8) 
(S . 1 9) 
(S .20) 
(S .2 1 )  
For the case of compo ite steel-FRP beams where the d iscrete fasteners are used to 
connect FRP laminates to the steel flange, as shown in Fig. S.2, the corresponding 
uniformly d istributed s l ip modu lus K may then be approximated as: 
K = 2K /as/en<r (S .22) 
p 
where K las/mer is the elastic s l ip  modulus of one fastener discussed earlier in Chapters 3 
and 4, and P is the pitch size representing the uniform longitudinal spacing between 
fasteners as presented in Fig. 5 .2 .  It should be noted that this modulus is mUlt ipl ied by 2 
since there are two longitudinal  gauge l ines of fasteners a long zone B as shown in Fig. 
S .2b. 
Boundary conditions 
Table S . l summarizes the boundary conditions used to obtain the e ight constants 
CI to Cg in Eqns. (S. 1 4  and (S . 1 6. In Table S . l  MA is the moment at the end of zone A ( i .e., 
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(5 . 1 2) 
For the case of simply supported beam with a point load F at the mid- pan, Eqn. 5. L 
becomes: 
(5. 1 3) 
Therefore, the general solution of the differential Eqn. 5 . 1 3  is: 
(5. 1 4) 
where W A is the deflection function in zone A and CI and C2 are constants that can be 
optained after applying the boundary conditions pertaining to Zone A.  
Zone B 
In v iew of the differential equation proposed by Girhammar and Pan (2007) (i .e. ,  Eqn. 
5 .2), the response of zone B is governed by the fol lowing homogenous differential 
equation for the particular case of q(x)=O: 
2 d\v -
- 0 - a --dx4 
The general solution of Eqn. 5 . 1 5can be expressed as : 
(5 . 1 5) 
(5 . 1 6) 
where WB is the deflection function in zone B, C3 to Cs are constants that depend on the 
boundary conditions and a the composite action parameter defmed by 
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There are e ight unknowns CI, C2 . . . Cg whose values may be obtained by solv ing the eight 
equations ( i .e., Eqn. S .23) after being organized in a matrix form as fol l ows: 
(S .24) 
where matrix [A],  vector {c} ,  and vector {B} are defined as: 
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at x = (L - L.fi 1 2) and MB is the moment at the beginning of zone B ( i .e., at x = (L - Lf) I 
2), while I is the normal force induced in the FRP laminate. 
Table 5. 1 :  Boundary Conditions for the Composite teel-FRP Beam 




1 x = O  WA = 0.0 support (no vertical deflection) 
2 x =  (L - LjJ l 2 WA = WB continuity of d isplacement between zone A & B 
3 x = (L - Lf) I 2 dwA dwB continuity of rotation between zone A & B -- = --dx dx 
4 x = (L - Lr)  I 2 MA = MB continuity of bending moment at zone's junction 
S x = (L -Lr) I 2 N1 = 0  no normal force in the FRP at its edges 
6 x = L 1 2  
dwB 
= 0 rotation at mid span is zero due to symmetry 
dx 
7 x = L 1 2 
dNl 
= 0 
slope of normal force function at mid span is zero 
dx due to symmetry 
8 x = L 1 2  V = F value of shear force just before the mid span 
2 
Using the boundary conditions 1 to 8 shown in Table S . l ,  the eight fol lowing equations 
are obta ined. 





!_F:_X_J - + C1X + C2 
W = 1 2EJ. 
cJ s inh(ar) + C4 co hear) + csxJ + C6X2 + c7x + cg 
5.3.2 Application of Analysis Proced u re 
L - L  
O $ X $ __ 
f 
2 
L - Lf L -- $ x $ -
2 2 
(5 .25) 
The mathematical solution derived in the preceding sub-section is appl ied to a 
simply supported composite steel-FRP beam with a span L=4. 1 m .  The beam cross 
ection is VB 203x l 02x23. The FRP laminate is of 1 00 mm wide and 3 . 1 75 thick. The 
beam is subjected to a point load (F=30 kN) at the mid-span as shown in Fig. 5 .3 .  The 
FRP laminate covers part of the bottom flange with a length LJ=2.7  m and is anchored to 
the steel flange by two paral lel  l ines of 6 mm diameter fasteners spacing at a pitch size 
P= 1 00 mm. Table 5 .2  summarizes the va lues of geometrical and material properties of 
the considered steel-FRP composite beam. 
Load F 
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a L  = 7.059 
The values of {C I , C2 ... cg } for thi s  particular case are obtained by using MS-Excel to 





- 0. 1 46477 
0. 1 49 1  
6.66x1 0-IO 
5 .9 1 4x1 0-1 2  
- 0.00847 
- 0. 1 203 
U sing E�n. 5 .25, the deflection functions are obtained as: 
{7XIO-IO� - 0.OO859x 0 � x � 700 
w = _ 0. 1 46 sinh(O.OO I 72x) + 0. 1 49 cosh(0.00 1 72x) + 6.66xl O-10x1 + 5.9 IxI0-12 x2 - 0.0085x - 0. 1 2  700 � x :5 2050 
The deflection versus distance from the left support to the mid-span of the 
particular composite steel -FRP beam with the properties shown in Table 5 .2 is presented 
in  F ig. 5 .4 .  On the same figure, the deflection of steel beam with the same d imensions but 
w ithout the use of FRP laminate is also shown. It is c lear that the addition of the FRP 
lam inate contributed to the decrease of the deflection although, as expected, it is not 
s ign ificant because of the inconsiderable contribution of the FRP laminate to the gross 
cross-sectional inertia of the composite steel -FRP beam. On the same figure, the 
deflection of steel beams w ith the same d imensions but with two d ifferent fastener 
stiffness (10 values of 500,000 and 500 N/mm are also shown. The h i gh K value (500,000 
N/mm )  represents the ful l  composite action where no s l ip  occurs between the steel and 
FRP laminate. This special case impl ies a reduction in the beam deflection as shown in 
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Table 5.2 :  The Geometrical and Material Properties for the Composite teel-FRP Beam 
Parameter Value Uni t  Description 
Es 1 90000 N/mm2 Young's modulus of steel 
Ef 62000 N/mm2 Young' s  modulus of FRP in the longitudinal direction 
oy 300 N/mm2 Yield stress of steel 
As 2889.24 mm2 Cross sectional area of steel beam V B  203x 1 02x23 
Af 3 1 7.5 mm2 cross sectional area of FRP laminate ( I  00 mm \ ide and 3 . 1 75 mm thick) 
Is 2059594 1 4 Moment of inertia of steel section around the major mm - axl 
Ij 266.7 mm4 Moment of inertia of FRP lam inate about minor axis 
p 1 00 mm Pitch size 
L 4 1 00 mm Beam span 
Lf 2700 mm Length of FRP laminate 
r 1 03 mm Distance between the centroids of the two subcomponent 
Kfosrener 2700 N/mm Slip modulus of the 6 mm diameter fastener 
h 203 mm Total height of steel cross-section 
F 30 kN Point load appl ied at the mid-span 
Calculation Steps: 
EAo = Es As + Ef Af = 5.69 x 1 08 N 
E Ap = Es As ' Ef Af = 1 .08 X 1016 N2 
E 10 = Es Is + Ef If = 3.91 X l 01 2 N.mm2 
E Ap r2 1 2 2 E I«> = EIo + = 4. 1 1 x l 0 N.mm EAo 
K = 2K&'1 = 54 N Imm2 
p 
1 3 1  
1 1 . 1  
1 1  
§ 10.9 
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Fig u re 5.5: Mid-span Deflection of Composite Steel-FRP Beam with Different K Values 
Figure 5 . 5  shows the variation of the mid-span deflection for the considered 
composite steel-FRP beam, w ith properties shown in Table 5 .2, versus the different s l ip 
mod ulus (K) values. I t  is c lear that the use of stiffer steel fasteners leads to higher 
red uction in beam deflection. The rate of reduction in beam deflection is relatively 
remarkable for K values ranging between (0) and (5000) N/mm. The enhancement in 
deflection values becomes much less apparent for s l ip  modulus values h igher than 5000 
N/mm up to the ful l  composite action status. 
5.4 Yieldi ng Load Prediction 
The analytical solution developed in section 5 .3 i s  extended to evaluate the load at 
which yielding of the steel section (as part of the composite steel-FRP beam) starts. The 
internal normal stress at the top fibers of the steel section is evaluated as: 
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Fig. 5 .4. Meanwhile, the beam with low K aIue (500 Imm) experienced more 
deflection than the composite steel-FRP beam ha ing a K value of 2700 Imm. Thi i 
attributed to the higher interfacial s l ip between the steel and FRP laminate as ociated 
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Figure 5.4: The Deflection of Composite Steel-FRP Beams with Different Fastener 
Stiffness (K) Values and Steel Beam Calculated Analytically 
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expected to be induced at the top flange of the steel section. The normal stress at the top 
flange is evaluated as :  
M h N (Y _ _  s_ + _s s 2 I A s s 
where }p203 mm, As= 2889.24 mm2, Is= 2059594 1 mm4, and the yield ing stress of the 
steel equals to 300 N/mm2• 
300 = Ms (203) + _N--,sc-- = M. + N. 
2(2059594 1 ) 2889.24 2029 1 5 .7 2889.24 
Knowing that both Ms and Ns are functions of the appl ied load F: (show them as function 
of F) 
Ms = Es Is [a2 c3 sinh(ax) + a2 C4 cosh(ax) + 6csx + 2c6 ] (5 .27) 
N. = �; [- (a4c3 sinh(ax) + a4c. COSh(ax»)+ a2(J -:: )kc3 sinh(ax) + a2c4 cosh(ax) + 6csx + 2cJ] (5 .28) 
The yield load values that satisfies Eqn . 5 .27 and Eqn .  5 .28 is found to be 60 \eN .  
5.5 Shear Forces Distribution in the Fasteners 
Referring to Eqn.5 . 1 1 ,  the s l ip  force Vs at a distance x from the left support of the 
composite steel -FRP beam can be evaluated as the fol lowing: 
(5.29) 
Knowing the s l ip  modulus K and using Eqn. 5 . 1 ,  the s l ip  s is :  
M, h N, rr = -- + -, 21, A, 
where 
N = 
E I«J [ _  d4w + a 2 (I _ E 10 ) d2w 1 ' 2 dx4 E I dx2 a r «J 
(5 .26) 
In these equations Ms is the moment in the steel beam, h is the overal l height of the steel 
section, Is is the moment of inertia of the steel cross-section, Ns is the nonnal force acting 
at the centroid of the steel section (which is of equal magnitude and opposite direction to 
the nonnal force NJ carried by the FRP laminate), As is the cross-sectional area of the 
steel beam. w is the deflection function given by Eqn.5 .25, E10 and EIa) are bending 
stiffuess parameters as provided by Eqns. 5 . 1 8  and 5 . 1 9, respectively. G iven that both Ms 
and Ns are function of the appl ied load F, the load value that results in a specific stress 
value CFs can be evaluated . It should be noted that the proposed procedure should not be 
used to predict stress values beyond the yield point since the adopted deflection function 
is valid within the elastic response range only. 
5.4. 1 Il lustra tive Exam ple 
Composite system analyzed in section 5 .3 .2 is considered to evaluate the load 
value Fy which wi l l  initiate yielding of the steel section. Table 5 .2 and Fig. 5 .3  show the 
properties and configuration of the considered beam. The maximum stress value is 
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The shear force developed in the steel fastener located at 1 50 nun from the m id-span is 
calculated accord ing to Eqn.5 .3 1 As the fol lowing: 
FlaslOIu = sKlastenu = 0.0376 * 2700 = 1 0 1 .52 N = 0. 1 02 kN 
A simi lar procedure is used to calculate the shear forces in the other fasteners. 
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Figu re 5.6: Shear Forces Carried by the Steel Fasteners at M id-span Load of 30 kN 
5.6 Comparison Between Analytical Resu lts and FE Predictions 
A three dimensional (3�) finite element model ing is conducted using the general 
purpose finite e lement software package ANSYS to simulate the l inear elastic behavior of 
composite steel-FRP beams. The FE model has simi lar features to the one presented 
earl ier in Chapter 3 and Chapter 4 except for the material models of the steel and 
fasteners. In this section these material models are briefly described and then the results 
v. s = -
K 
(5.  0 
For a composite steel -FRP beam with a pitch size P and a fastener ela tic t iffne 
Kfastenen the shear force carned by each fastener can be calculated as ho\\'Tl be 10\\ : 
(5 .3 ! )  
5.5. 1 llI ustrative Exam ple 
The composite system analyzed in section 5 .3 .2 is considered to e aluate the 
shear forces developed in the steel fasteners. Tab le 5 .2 and Fig. 5 .3 show the propertie 
and configuration of the considered beam. To evaluate the shear force carried by the teel 
fastener at a d istance I SO mm from the mid-span, the s l ip force at the ame location i 
first calculated using Eqn.S .3 ! :  
v = 4. 1 1 5xl 0
12 [- 4.02Xl O ·1 6 + 2.99X I O �(I - 3.9 1 32XI O
I 2 J3 .779xl O ·9] = -2.03 N l mm S 
2.99x1 O � * I 03 4 . 1 1 5xl 01 2 
To calculate the sl ip s, Eqns. 5 .22 and 5 .30 are used to calculate the stiffness modu lus and 
sl ip, respectively: 
K = 2K/oSI01U = 2
* 2700 
= 54 N l mm2 
p 1 00 
V - 2.03 s = --L = -- = 0.0376 mm K 54 
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The shear force developed in the steel fastener located at I SO mm from the mid-span is 
calculated accord ing to Eqn.S .3 1 As the fol lowing: 
Fjasfener = sKfoffener = 0.0376 * 2700 = 1 0 1 .52 N = 0. 1 02 kN 
A simi lar procedure is used to calcu late the shear forces in the other fasteners. 
Figure 5 .6 shows the distribution of shear forces in the fasteners at the loading of 30 kN. 
1 .8 
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Figure 5.6: Shear Forces Carried by the Steel Fasteners at Mid-span Load of 30 kN 
5.6 Com parison Between Analytical Results and FE Predictions 
A three dimensional (3D) finite e lement model ing is  conducted using the general 
purpose finite e lement software package ANSYS to s imulate the l inear elastic behavior of 
composite steel-FRP beams.  The FE model has sim i lar features to the one presented 
earl ier in Chapter 3 and Chapter 4 except for the material models of the steel and 





For a composite steel-FRP beam \ ith a pitch size P and a fastener elasti tiffn 
Kjastenm the shear force carried by each fastener can be calculated as shO\\'Tl b 10 
(5.3 1 )  
5.5. 1 I l lustrative Examp le 
The composite system analyzed in section 5.3 .2 is considered to evaluate the 
shear forces developed in the steel fasteners. Table 5 .2 and Fig. 5 .3 show the propertie 
and configuration of the considered beam. To evaluate the shear force carried by the steel 
fastener at a distance 1 50 mm from the mid-span, the sl ip force at the same location i 
first calculated using Egn.5.3 1 :  
v = 4. 1 1 5xI 0' 2 [-4.02xJ O ·1 6 + 2 .99XI 0 -6( 1 - 3 .9 1 32XI OI 2 ]3 .779xl 0 ·9] = -2.03 N l mm s 2.99x 1 0 -6 * 1 03 4. 1 1 5x1 0' 2 
To calculate the slip s, Egns. 5 .22 and 5 .30 are used to calculate the stiffness modulus and 
slip, respectively: 
K = 2
K fostener = 2 * 2700 = 54 N I mm2 
P 1 00 
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Figu re 5.7: Simpl ified Material Model for the Spring Element Used to Simulate the 
Fasteners 
5.6.2 Comparative Study 
The FE model described in the preceding section is employed to evaluate the 
l inear elastic behavior with smal l deformations of composite steel-FRP beams under a 
point mid-span load. The load-deflection behavior, the load at first yielding in the steel 
cross-section, and the distribution of the shear forces developed in the steel fasteners are 
obtained from the FE results and compared to the analytical values obtained based on the 
procedures out l ined in sections 5.3 and 5 .4.  Table 5 .3 shows the basic material properties 
and geometric configuration considered in the comparative study. 
Beam deflection 
The deflection at the mid-span of composite steel-FRP beam with different spans 
and FRP lengths at different load stages are presented in Table 5 .4. The table reports on 
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of the FE model are verified against the analytical solution presented in the preceding 
sections. 
5.6. 1 Material Models 
Al l materials used ill the FE model are assumed to be of linear ela ti 
characteristics. The s impl ified materia l models adopted in thi chapter are Ii ted herein: 
Material Behavior of Steel Bea m :  
The steel material is assumed to have a linear elastic stress-strain relation hip 
characterized by an elastic Young's modulus of E= 1 90000 Imm2 = 1 90 GPa. 
Material Behavior of FRP La minate 
The FRP is modeled as a linear elastic material with different material 
characteristics in the different working directions. The elastic modulus, shear modulus 
and Poisson's ratio values are given in Table 3. 1 .  
Material Behavior of Steel Fasteners 
As discussed earlier in Chapter3 and Chapter 4, each steel fastener is modeled 
using a ANSYS spring element COMBIN39. The spring element stiffness in the Z­
direction (the longitudinal direction of interfacial sl ip between the steel beam and the 
FRP laminate) is assigned a single value of Kfasll!ner = 2700 N/mm as shown in Fig. 5 .7.  
This value corresponds to the elastic fastener stiffness specified in Chapter 3. 
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Table 5.3: Material and Geometrical properties used in the Comparative Study 
Parameter Value Un it Descri ption 
Es 1 90000 N/mm2 Steel young' s modulus 
Eft 4800 N/mm2 FRP young's modulus in the transverse direction 
Ef Efy 4800 N/mm2 FRP young's modulus in the vertical direction 
Eft 62000 N/mm
2 FRP young's modulus in the longitudinal direction 
vfty 0.30 - FRP Poisson's ratio in xy plane 
vf VJx= 0.22 - FRP Poisson's ratio in xz plane 
vfyz 0.22 - FRP Poisson's ratio in yz plane 
Gfty 1 967 N/mm2 FRP modulus of rigidity in xy plane 
Gf Gjxz 3270 N/mm2 FRP modulus of rigidity in xz plane 
Gfyz 3270 N/mm2 FRP modulus of rigid ity in yz p lane 
oy 300 N/mm2 . Yield stress of steel 
As 2889.24 mm2 The steel section cross sectional area 
Af 3 1 7. 5  mm2 FRP laminate cross sectional area 
Is 2059594 1 4 Moment of inertia of the steel section about its centroid mm 
1;- 266.7 4 Moment of inert ia of the FRP laminate about its centroid mm 
P 1 00 mm Pitch size 
,. 1 03 .0875 mm Distance between the centroids of the two subcomponents 
Kfastener 2678.57  N/mm Slip modulus of the steel fastener 
h 203 mm The height of the steel cross section 
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composite steel-FRP beams with spansIFRP lengths of 8 1 00 4 1 00 mm. 6 1 00 3700 mm 
and 4 1 00/2700 mm. The deflections are shown for both the FE and anal)1i al m th d of 
analysis. 
The percentage errors for the different cases are also hown in Table 5.4. The 
results show an excel lent agreement between the FE model and the analytical solutjon. 
The percentage error ranges from 0.3 1 % for the long beam (8 1 00 rom span) to 2.52% for 
the short beam (4 1 00 mm span). It is noticed that the longer the pan, the les the 
percentage error. That is due to the fact that, in contrary to the FE model, Girhammar and 
Pan (2007) in the partial composite action theory, did not consider the effect of trans erse 
shear strains on the deflection. The contribution of the shear deformation to the deflection 
at the mid-span of the beam is higher at smal ler span-to-height ratios, and vanish at span­
to-height ratios more than 20 [Lowe, P. G. ( 1 97 1 ) ] . 
1 4 1 
Yielding point prediction 
The first yield in the steel beam typical ly starts at the top subcomponent of the top 
flange of the composite stee l-FRP beam and the yield stress in steel is assumed to be oy = 
300 N/mm2. In the FE model, the Von Mises stress at the top flange are obtained and at 
any mid-span load then the load is scaled to produce a value for Von Mises stress that is 
equal to oy = 300 N/mm2. The mid-span load at this stress level represents the load at first 
yield Fy-
Table 5 .5 shows the comparison between the FE and the analytical solutions for 
the three different cases described earlier in the preceding section . The FE results, the 
resu lts show a good agreement between the two models with percentage error ranges 
from 0.47% for the 4 1 00 mm span beam to 3.6 1% for the 8 1 00 mm span beam. 
Ta ble 5.5 : The Load Value (Fy) Corresponds to First Yield in the Composite Steel-FRP 
Beam Calculated Using FE Model and the Analytical Solution 
��� :-. ,l � , fr:'� '  J. ' -f -. 
�- ;t 
< • . . 
-� 
Jju_� ,-
""' : �  - �  . 
" 'J:�(5r;:!�,��)r ,;:7] , .  'l _ " ,  , (  . ,..- -, \�1!--..!! I , 
1 8 1 00 4 1 00 3 1 . 56 30.46 3.6 1 %  
2 6 1 00 3700 39.30 40.4 1 2.75% 
3 4 1 00 2700 60.29 60.0 1 0.47% 
The shear force distribution in the fasteners 
The distribution of the shear forces developed in the steel fasteners is obtained 
analyt ical ly for some of A lhadid's beams presented in Chapter 4. The analytical results 
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Table 5.4 : The Deflection Values Obtained from the FE Model and the Analytical Model 
for the Composite Steel-FRP Beam 
��-=- ---;.--:-� ��-= --::--��-'j�-':;'�--�-:-�-�-�-, _ � __ -=-_-:-'!il I�I I.� �_ !!� !lo  .. __ j
Load Mid-span deflection (mm) 
kN FE Analytical 
% Error 
model Solu tion 
0.73 2.00 2.006 0.300% 
1 .47 4.00 4.0 1 2 0.300% 
2 .20 6.00 6.0 1 8  0.300% 
5 . 1 4 1 4.00 1 4.043 0.307% 
8.08 22.00 22.068 0.309% 
9.54 26.00 26.08 0.308% 
1 l .0 1  30.00 30.092 0.307% 
t'- . " �;-_ :,..- i)--"', ,1-__ .' :� n -... .l_ .. _�_-.. � � �-�-�-.���--�- j l�_�..:.:f  =J!.Jt: ���.!h��.� , � .. � � _.-_ 
Load Mid-span deflection (mm) 
kN FE Analytical 
% Error 
model Solu tion 
1 .709 2.00 1 .99 1 0.450% 
3 .4 1 8  4.00 3 .982 0.450% 
8.544 1 0.00 9.956 0.440% 
1 3 .670 1 6.00 1 5 .93 0.438% 
1 8 .797 22.00 2 1 .904 0.436% 
25 .632 30.00 29.869 0.437% r- --� .,- - -- - -- -... - -v-.-' - J � . .  '] � ;�rnr '0�lit j;� /l) . ..-;=��j:'jl�!! \)HiiT}\ t -- -
Load Mid-span deflection (mm) 
kN FE Analytical 
% Error 
model solution 
5 .486 2.00 1 .95 2.500% 
1 0.97 1 4.00 3 .899 2.525% 
1 6.457 6.00 5.849 2.5 1 7 %  
2 1 .942 8.00 7.799 2.5 1 3 %  
27.428 1 0.00 9.749 2.5 1 0 %  
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Figure 5.9: FE and Analytical Results for the Distribution of the Fasteners' Shear Forces 
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Figure 5. 10 :  FE and Analytical Results for the Distribution of the Fasteners' Shear 
Forces in Beam 2750S Due to a Mid-span Point Load of 75 leN with Three Different 
Kfastener values 
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are compared to the FE results for different fastener stiffness alues KfasJt'Mr). Figure . 
Shows the distribution of the fasteners' shear forces in three different beam due to a 
mid-span point load of 75 leN and Krasrener of 2,678 N/mm. Figure 5.9 how the 
distribution of shear forces in the steel fasteners at the same load but ith a high r 
stiffness value (Kfaslener = 1 00,000 N/mm) which represents a case that is el) clo e to that 
of the ful ly composite steel-FRP beam. Figure 5 . 1 0 shows the distribution of shear force 
in the steel fasteners in the beam 2750S with different Kfastener alues. The figure sho 
very good agreement between the FE and analytical results especiall for long spans 
(e.g., 2750S). For the cases of 1 200S and 1 800S, where Kfaslener is high, there is a small 
difference which is attributed to the shear defonnations being neglected in the partial 
composite action theory considered by Girhammar and'Pan (2007). 
1.40 
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Figu re 5.8: FE and Analytical Results for the Distribution of the Fasteners' Shear Forces 




S U M MARY AND CONCLUSIONS 
The research work presented in  this thesis is devoted to studying the mechanical 
behavior of I-shaped steel beams strengthened with mechanical ly fastened FRP 
lam inates. Both numerical and analytical techniques are employed to achieve this task. 
Numerical analysis is used to explore the effects of the different geometrical and/or 
material parameters on the composite behavior. Meanwhi le, a closed form analytical 
solution is derived to identify the l inear elastic behavior of the corisidered composite 
beams. The current chapter presents a brief summary of the conducted research, main 
outcomes of both the numerical and analytical studies, and recommendations for future 
research. 
6. 1 Summary and Conclusions of Numerical Analysis 
A detai led three d imensional nonl inear [mite element model is developed using 
the software package ANSYS to conduct the numerical study. The FE model accounts for 
both geometrical and material non-linearities and is intended to simulate the flexural 
behavior of the stee l-FRP composite beams. A l inear elastic material is used for the FRP 
laminate wh i le a multi- l inear e lasto-plastic model is implemented for the steel material .  
The load-s l ip  model developed by Ahadid (20 1 1 )  is used to model the nonl inear behavior 
of the fasteners. To ensure that the behavior of simulated beams is dominated by overal l  
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5.7 Conclusions 
The partial composite action theory was used to develop a l inear elasti anal rtical 
solution for the deflection of the simpl supported composite steel-FRP beam ubjected 
to a mid-span point load. The de eloped model is used to predict the I ad alue 
corresponds to the fmt yielding in the top flange of composite steel-FRP beam. The 
distribution of shear forces developed in the steel fasteners is also obtained analytical J . 
The results obtained from the linear elastic finite element model are compared to the 
analytical solution results and a good agreement is observed . This ensures that both the 
analytical and FE models are rel iable for deflection calculation in the linear elastic 
analysis of composite steel-FRP beams and similar composite beams. 
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behavior of the fasteners controls significantly the mechanical behavior and ultimate 
load-carrying capacity of the steel-FRP beam. 
• Regard ing the behavior of composite beam before yield ing of steel, the contribution 
of the FRP becomes significant if the modulus of elasticity of FRP is close or higher 
than that of the steel material. 
• In the elastic tage ( i .e. , at smal l mid-span loading and when the fasteners and steel 
materials behave elastical ly), the d istribution of the shear forces in the steel fasteners 
starts with very smal l values in the vicin ity of the mid-span where the beam slope is 
zero due to symmetry. Then, fastener forces increase gradual ly as the fastener's 
location becomes closer to the supports. This is mainly derived by the increase in 
the slope of the deformed steel beam. 
• In the elastic stage and as the fastener stiffuess increases, the shear forces in the 
fasteners increase; especial ly for short FRP laminates. For the case where FRP 
covers most of the span of the steel beam, and as the fastener stiffness increases, the 
maximum shear force in the fasteners increases and approaches the value that 
corresponds to the case of a fully composite steel-FRP beam. In such a case, the 
distribution tends to fol low the distribution of the shear force diagram along the span 
of the beam. 
• In the post-yielding stage, yielding fol lowed by the formation of a plastic h inge at 
the mid-span of the steel section leads to a considerable increase in the slope of the 
composite beam leading to significant longitudinal movements of the steel points at 
the fasteners relative to the FRP points . As a result the interfacial sl ip increases as 
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flexural response, steel stiffeners are added at the locations of stres oncentration (i .e., at 
mid-span and supports) to pre ent local buckl ing. dditionall , lateral upp rts ar 
employed at specific locations along the span of the beams to avoid premature fai lure b . 
lateral torsional buckl ing. Comparisons between the experimental mid- pan 10ad­
deflection curves of A lhadid (20 1 1 )  and their numerical counterparts how a very good 
agreement indicat ing the accuracy of the developed FE model . 
The numerical study is composed of two phases. The first phase is conducted in 
the context of the experimental study performed by Alhadid (20 1 1 )  to shed more l ight on 
the experimental outcomes and exp lain them in view of the FE results. In addition other 
steel-FRP beams having the same steel and FRP materials and cross-sections but with 
different fastener stiffuess and FRP lengths are also examined. The second phase of the 
numerical study deals with three simply supported steel-FRP composite beams having 
span of 7.0 m and simi lar steel and FRP materials but with different beam cross-sections. 
These cross-sections, although different, are intentionally selected to provide simi lar 
plastic moduli (i .e. , Zxx) to represent three equal ly possible flexural designs for the same 
appl ied bending moments. The main outcomes of the numerical study, based on the 
considered geometries and materials of the steel-FRP beams, are l isted below: 
• 10 the case of providing insufficient number of steel fasteners in a steel-FRP beam, it 
wil l have unfavorable brittle fai lure due to shear rupture in the fasteners. On the 
contrary, when adequate number of fasteners is used, the steel-FRP beams wi l l 
exhibit a ducti le flexural mode of fai lure accompanied by significant bearing 
defonnations in the FRP at the fastener locations. In the latter case, the load-s l ip 
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stiffuess of the steel bottom flange (Es Ajlange / pitch) or that of the FRP laminate 
(EFRP AFRP / pitch). 
6.2 Summary and Conclusions of  Analytical Study 
The partial composite action theory developed by Girharnmar and Pan (2007) in 
addition to Euler-Bernoul l i beam theory is used to derive a l inear elastic analytical 
solution for the deflection of the simply supported partial composite steel-FRP beam 
subjected to a point load at the mid-span. The analyt ical model accounts for the relative 
s l ip between the steel and the FRP laminate at the fastener locations and is . used to 
evaluate the deflection of the beam. Moreover, the same model is used to predict the mid­
span load that corresponds to the first yielding in the top flange of composite beam. In 
addition, the distribution of shear forces induced in the steel fasteners is also obtained 
analytical ly. The results obtained from the linear elastic finite element model (as part of 
the numerical phase of this research) are compared to the analytical counterparts and a 
close agreement is found . This model is expected to help the designers in predicting the 
elastic behavior of the composite steel-FRP beams by evaluating deflection, yielding load 
and distribution of the interfacial shear forces in the fasteners. 
6.3 Recommendations for Futu re Research 
The positive experimental [mdings reported by AIhadid (20 1 1 )  on the strengthening of 
steel beams with mechanical ly fastened FRP laminates and the promising numerical and 
1 52 
wel l as the shear forces in the fasteners. This increase starts from the mid- pan and 
spreads towards the supports in a manner s imi lar to the spread of piasticit) .  
• If the pitch s ize is kept fixed, the shear forces in the fasteners decrease as th lenbth 
of the FRP increases (or number of fasteners in rease ) .  This is attributed t 
d istributing the tensi le force in the FRP on a more fasteners in the long FRP 
lam inate. 
• Increasing the height of the steel section in a composite steel-FRP beam, whi le 
keeping Sx and Zx almost unchanged, increases the load-carrying capacity of the 
beam as a result of increasing the tension in the FRP laminate and shear force in the 
fasteners. That is due to the increase in the s l ip at the fastener locations. 
• Increasing the thickness of the FRP laminate significantly improves th load­
carrying capacity of composite steel-FRP beams. However, this increases the 
interfacial s l ip and consequently increases the shears forces in the fasteners. 
• Increasing the number of steel fasteners, or reducing the pitch distance, increases 
very sl ightly the load-carrying capacity of steel-FRP beams, whi le helping to avoid 
the brittle shear fai lure in the fasteners. 
• As the length of the FRP laminate increases relative to the span of the beam, the 
index of composite action increases indicating higher efficiency of the FRP 
laminate; especially at low fastener stiffuess. As the fastener stiffuess increases the 
effect of the length of the FRP becomes less sign ificant. The low efficiency of the 
composite action in the beams tested by Alhadid (20 1 1 )  is mainly due to the small 
value of the e lastic spring stiffuess K relative to the elastic axial longitudinal 
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